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Abstract

Inflammatory bowel disease (IBD) is a chronic relapsing and remitting disease of the
gastrointestinal tract. There are several risk factors involved in IBD pathogenesis which are
environmental, microbial and genetic factors. More than 200 susceptible genes are linked to IBD
and many are involved in the innate immune response towards intestinal microbes. Three of these
susceptible genes are: 1) nucleotide-binding oligomerization domain-containing protein 2
(NOD?2); 2) Autophagy Related 16-Like 1 (ATG16L1) and 3) Ras association domain family one
isoform A (RASSF1A). RASSF1A is a tumor suppressor protein epigenetically silenced in
colorectal cancer and diseases with robust inflammation such as IBD. In a recently published
manuscript, we have demonstrated the importance of RASSF1A in modulating the activation of
the pathogen receptor, TLR, such that it interferes with NFxB-directed inflammation. Utilizing the
dextran sodium sulfate (DSS) model of acute colitis, we demonstrated enhanced inflammation and
poor recovery from DSS-induced inflammation injury in DSS-treated RassfIa” mice. These mice
had most of the symptoms of human ulcerative colitis. Thus, the RassfTa”~ genetic knockout model
will aid in understanding the molecular drivers of colitis and in the design of new therapeutics to
treat IBD. Our hypothesis is that RASSF1A can also restrict the NOD2/RIPK2 pathogen
recognition pathway by restricting how RIPK2 and NOD2 associate thus interfering with
NFkB and autophagic activation. Using Rassfla”" single and the Rassfla’"Nod2”~ double
knockout mice we observed that NOD?2 is responsible of inducing inflammation in these mice.
RASSFI1A physical associates with NOD2 and regulates RIPK2 and ATG16L1, which are the
downstream signalling pathway for NOD2. The use of autophagy inhibitors and RIPK?2 inhibitor-
1 effectively induced recovery from DSS-induced inflammation injury in both the RassfIa”" mice

and in the i//0” mice. RIPK2 may be novel therapeutic approaches to enhance recovery from



injury caused by induced inflammation and they would be useful in treating and protecting IBD

patients from increased risk of cancer later in life.
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1 Chapter One-Introduction



1.1 Inflammatory Bowel Disease

1.1.1 Introduction:

Inflammatory bowel disease (IBD) is a group of chronic intestinal condition that occurs
due to abnormal inflammation of the bowel /. Crohn’s disease (CD) and ulcerative colitis (UC)
are the two subtypes of IBD. Both subtypes have similar clinical symptoms but what differs them
from each other is the region of insult and etiology. Crohn’s disease can affect any part of the
gastrointestinal tract from the mouth to the anus and its inflammation is transmural, while
ulcerative colitis affects only the colon and its inflammation is limited to the mucosa. IBD is a
complex disease that originates from an inappropriate interaction between genetic factors and
environmental or microbial factors leading to elevated and abnormal immunological responses in
the gastrointestinal tract ?. CD is not medically curable, and the majority of the new diagnosis for
IBD were in adolescence and early adulthood . The cost of IBD treatment is tremendously high,
and the number of newly diagnosed patients with IBD is expanding with time . North America
was recently reported to have the highest incidence rates and prevalence for both CD and UC since
1950. In 2006, a study indicated that the incidences and prevalence of IBD in Alberta are 27 per
100,000 and 468 per 100,000 . In 2015 a review was published on IBD epidemiology stating that
the prevalence of IBD in Alberta between 2015 and 2025 will increase from 660 to 790 per 100,000
@ The incidence of paediatric-onset IBD is already high in Canada, and for that, the overall
prevalence of IBD is expected to be high in 2025 . IBD exists in both developed and developing
countries and a lot of efforts are being made to understand IBD pathogenesis that later will assist
in designing the proper treatment for such disease.

Environmental, microbial, genetic and immunological factors trigger inflammatory bowel

disease. These factors have a great influence on alerting the microbiome composition leading



pathogens overgrowth and increasing host susceptibility to enteric infections. This overgrowth of
pathogens in a host susceptible gene will lead to dysregulation of innate immunity. NOD2, a
pathogen recognition receptors, will start to encounter pathogen invasion by regulation cytokine
production and inducing bacterial clearance. Upon NOD2 activation, RIPK2 gets recruited and
activated by NOD?2 leading to regulation of the downstream signaling pathway of NOD2 which

ATGI16L1 and NF«B (Figure 1).

1.1.2 Pathogenesis of Crohn’s disease and ulcerative colitis:

As previously mentioned IBD results from an aberrant combination between genetic
factors and environmental or microbial factors. The disturbance in the immune system and its
interaction with microbes are believed to be a significant cause of IBD development. That occurs
when specific environmental factors trigger such disorder in genetically susceptible hosts. The
etiology of IBD remains unknown, but several studies indicated the involvement of several factors
in the pathogenesis of IBD @ ¥, In the next section, I will introduce the different factors and their

involvement in IBD development.

1.1.2.1 Environmental Factors:

Several environmental risk factors play an essential role in the pathogenesis of IBD such
as smoking, vitamin D deficiency, drugs, psychological element and air pollution ?. Smoking is
the most widely common environmental trigger for IBD and has a significant influence on the
immune system, inflammatory pathway, gut motility and other related factors which are involved
in IBD development /. Smoking increases the risk for CD and is associated with a higher rate of
postoperative disease /7.

Vitamin D is another environmental factor for IBD and modulating the innate and adaptive
immune responses are known as vitamin D (/?. Deficiency in vitamin D is associated with both

3



increased autoimmunity and increased IBD development /¥, Vitamin D deficiency in mice is
associated with an increased susceptibility to dextran sodium sulfate-induced colitis, and 1,
25(0OH) 2D3 supplementation improved the severity of intestinal inflammation 4.

The effect of aspirin and nonsteroidal anti-inflammatory drugs (NSAIDs) in the
gastrointestinal tract are well recognized. Although, limited evidence is available to support the
impact of aspirin and NSAIDs in triggering onset or relapse of IBD high dose, prolonged usage
duration, and frequent use of NSAIDs had increased risk of worsening CD and UC %, Other
medications involved in IBD development are antibiotics. Antibiotics are another risk medications
for IBD by altering the microbiome composition in the gut. The use of antibiotic within the first
year of life was among the causes of IBD development in pediatric /9.

Psychological factors were also found to be involved in the pathogenesis of CD and UC
(17 individuals with low levels of stress have a reduced risk of the disease onset, and patients with
depression and anxiety showed worsening in IBD /¥,

Finally, air pollution was found to play a significant role in IBD development. A Recent
study suggested that air pollution in developing countries may contribute to the risk of CD and UC
(19 High levels of NO2 and SO2 are found to correlate with the increased risk of both disease %,
and some contradictory studies showed that ambient air pollution in hospitals may or may not be
linked to CD, and UC increased risk @’ ??, Environmental triggers are the most consistent factors
in IBD development. These factors have great influence on affecting the composition of the gut
microbiome and the intestinal barrier function leading to an inappropriate response of the immune

system.



1.1.2.2 Microbial Factors:

The human gut microbiome consists of approximately more than 1150 bacterial species
mainly dominated by the Gram-negative, Bacteroidetes, and Gram-positive, Firmicutes *¥. These
bacteria live symbiotically with the host and allow digestion of indigestible molecules that the
human body cannot break down. They also promote the proper development of the immune
system, and even they resist the colonization of pathogenic bacteria by producing antimicrobial
compounds. Thus gut microbiota protects the gut epithelial barrier from the harmful effects of
pathogens by preventing bacterial overgrowth and reducing host susceptibility to enteric infections
4. Changes in the microbiome composition is another factor involved with high risk for IBD
development @Y. Many studies examined CD and UC gut flora in both inflamed and non-inflamed
segments and found that there is an extremely reduced biodiversity in fecal microbiome in IBD
patients compared to controls ?%. The lack of both Firmicutes and Bacteroidetes and an over-
representation of enterobacteria are characteristic of CD 7. Recently, UC has been reported to
have a reduction in Clostridium difficile and an increase in Escherichia coli ?”, but CD patients
were observed to have a steady rise in mucosa-associated E. coli and decrease in Firmicutes .
Adherent and invasive E. coli (AIEC) phenotype are characterized by invasion into epithelial cells
and replication within macrophages were also found in CD %, These findings indicate that normal
gut microbiota protects the epithelial barrier from harmful effects of pathogens by promoting
immune tolerance. Alteration of the gut microbiota composition lead to immune dysregulation,
and such dysregulation showed as a risk factor for IBD development.
1.1.2.3 Genetic Factors:

Over the past years, there has been a massive improvement in understanding the genetic

factors involved in IBD pathogenesis #?. Since the development of genome-wide association



studies (GWAS) more than 200 susceptible genes of which 135 with both CD/UC, 36 for CD-
specific and 29 for UC were identified #”. Genome-wide association study (GWAS) to identify
genes involved in human disease through searching for single nucleotide polymorphisms or SNPs
that occur more frequently in people with a particular disease than in people without the disease
(32, NOD2 was the first susceptible gene identified in CD through sequencing for NOD2 in a case-
control study #¥. NOD2 is a pathogen recognition receptor found to interact with ATG16L1, an
autophagy-related gene, upon bacterial sensing. Such interaction induces autophagy in which
bacterial replication and antigen presentation are controlled . Genome-wide association study
showed several polymorphisms of NOD2 and polymorphism of ATG16L1 in IBD patients %,
ATG16L1 and NOD2 polymorphisms in both epithelial cells and dendritic cells showed defective

bacterial clearance and dysregulation in the immune response leading to induce inflammation 9.

With the widespread use of GWAS other single nucleotide polymorphisms (SNPs) have
been identified to be associated with IBD such as IL-23 ¢7_ IL23R gene is a receptor for the pro-
inflammatory cytokine interleukin (IL)-23 and is involved in the generation of Th17 cells. Th17
and IL-23 pathways have been linked to the pathogenesis of both UC and CD 7. Defective IL-
10, an anti-inflammatory cytokine, have also been associated with CD and UC. Studies showed
that polymorphisms in the promoter region of IL-10 reduce serum levels of IL-10 and this
reduction has been associated with some forms of IBD ¥, Recent progress in identifying the
genetic factors involved in IBD pathogenesis holds the key to understanding what causes and

maintains the inflammatory nature of IBD.

1.1.2.4 Immunological Factors:
Understanding the relationship between immune response and IBD pathogenesis has been

dominated by many studies, and evidence suggested that the dysfunctions of innate and adaptive



immune response contribute to the abnormal intestinal inflammatory response in patients with
IBD. Many studies in the past years have focused on the role of immune responses in the
pathogenesis of IBD. These studies helped in classifying IBD into two types which are CD-driven
by a T helper-1 (Th1) response, and UC pushed by T helper-2 (Th2) response 7. Interferon-
gamma (IFNY) is an essential cytokine of T helper-1 that produces the proinflammatory reactions
responsible for killing intracellular parasites and maintaining autoimmune responses. T helper-2
cytokines are associated with immune globulin E (IgE) promotion and eosinophilic responses.
Th17, are proinflammatory cells known by their production of IL-17, have recently observed by
its involvement in the gut inflammatory response in IBD #?. Currently, immunological studies
have focused on the innate and adaptive immune responses and their involvement in IBD

pathogenesis.

1.1.2.4.1 Innate immunity:

The mucous layer that covers the intestinal epithelium is the first physical barrier that
intestinal bacteria and food antigens encounter. The mucous layer of the intestine proved its
importance in preventing bacterial break-through that leads to intestinal inflammation “”. This
barrier is regulated by secretory cells such as goblet cells and Paneth cells which are formed by
the intestinal epithelium. The goblet cells main role is to secrete mucus to protect the mucous
membranes, and Paneth cells synthesize and secretes antimicrobial peptides and proteins.
Defective functions of these cells in IBD patients were observed . The innate immune response
is the second line of defense against pathogen invasion and its regulated by a variety of cells such
as intestinal epithelial cells, neutrophils, dendritic cells, monocytes, macrophages and natural killer

cells *. Innate immunity is initiated by the recognition of microbial antigens through pattern



recognition receptors including Toll-like receptors (TLRs) and NOD-like receptors Y. GWAS
revealed NOD2 mutations in CD patients, and defective NOD2 protein showed an inadequate
response to a microbial constituent. NOD2 mutations represent loss-of-function leading to the
reduction of both NF-kB activity *” and antibacterial agent production by Paneth cells “¢. Other
study suggested that lack of inhibition of TLR2 stimulation by NOD2 polymorphism causes
activation of inflammatory pathways and excessive Th-1 responses “”. These effects are defective
in patients with NOD2 mutation 3020insC since it is a gain of function polymorphism ¥,
ATGI16LI is anecessary gene in the autophagy signaling pathway and the coding mutation T300A

in ATG16L1 shown with an increased risk of CD Y.

1.1.2.4.2 Adaptive immunity:

The adaptive immune system is one of the main immune system found in body. Adaptive
immunity after an initial response to a specific pathogen creates an immunological memory that
enhances the immune response against the same pathogen. Adaptive immunity depends on the
type and number of T cells regulated. IL-12 induces Th1 cells and they produce a high amount of
IFN-y, whereas Th2 cells produce IL-4, IL-5, and IL-13 #. Abnormal Thl immune response
causes intestinal inflammation in CD, and both IL-2 and IFN-y production are highly observed in
CD patients when compared to UC patients or controls ©?. In UC patient’s natural killer T cells
found to release high amounts of the Th2 cytokine IL-13 when compared to T cells from controls
or CD patients 7. For these reasons, CD has been thought to be characterized as a Thl immune
response, while UC as a Th2-mediated disease 7. There have been different observations about
mucosal Thl and Th2 cytokine production in IBD. Biopsies from both UC and CD patients found

to release high and comparable amounts of IFN-y when cultured in vitro ©¥. IL-13 is another



cytokine that is found at a low level in the colonic mucosa of UC patients when compared to CD
patients. Current studies suggested that IL-13 has an anti-inflammatory effect on mice treated with
DSS % and IL-13 levels were lower than IFN-y in intestinal biopsy samples ®¥. Th17 cells are a
subset of pro-inflammatory T helper cells defined by their production of interleukin 17 (IL-17),
and they are related to T regulatory cells. The involvement of Th17 cells and their cytokine IL17A
in intestinal inflammation has been extensively studied. IL-17A transcriptional level in both CD
and UC mucosa in comparison to the normal gut was highly detected ©% 7. Crohn’s disease
patients also showed abnormal B cells responses such as increased numbers of immunoglobulin-
secreting cells #¥, and serum antibodies against Saccharomyces cerevisiae antibodies (ASCA) ¢
and neutrophils (ANCA) ©®”, The mechanism on how B cells influence disease activity is not clear
until this moment, and that is because murine models showed the suppressive role of B cells in gut
inflammation /-59_ Until recently, a study was done on CD’s patients showing an induce
activation of B cells with granulomatous tissue localization and increased molecular maturation of
IgA and IgG. These regulations were blocked when CD’s patients were treated with infliximab,
TNFa blocker, indicating the role of chronic B cells response in patients with Crohn’s disease ©%.
Advances in immunology and genetics have clarified the importance of innate and adaptive
immunity in IBD pathogenesis and understanding the interaction of different components of innate
and adaptive immunity will open new knowledge in understanding the mechanism of gut
inflammation. In the next section, we will discuss these different medication used to treat

inflammation in IBD and their mechanism.

1.1.3 Clinical Manifestation and Treatment of IBD:



IBD is a chronic disease with symptoms ranging from being mild to severe during relapses
and may decrease during remissions. The general symptoms of IBD are fever, loss of appetite,
weight loss, and fatigue but symptoms related to the damage caused by inflammation of the
digestive tract are diarrhea or constipation, abdominal pain, and rectal bleeding. There are several
methods to diagnose IBD, but colonoscopy is mainly used to diagnose IBD. Stool and blood
samples are collected in all cases of IBD for monitoring and diagnosing IBD progression. Different
classes of medications treat inflammatory bowel disease, but the first step for IBD management is

adjusting patient’s dietary habit to reduce abdominal pain and diarrhea.

First line of treatment for IBD is the use of 5-aminosalicylates for mild to moderate cases
of colitis. The mechanism of 5-aminosalicylates is blocking the production of prostaglandins and
inhibiting the activation of NFxB 0¥, 5-ASA exerts its anti-inflammatory action by acting on
peroxisome proliferator-activated receptor gamma (PPARY) in epithelial cells. PPARY is a receptor
that induces inflammatory cytokine production and thus contributes to intestinal inflammation as

seen in IBD patients 9.

Corticosteroids are a class of anti-inflammatory compounds that usually suppress
inflammation and induce relief of symptoms. They are considered as the second line of treatment
to induce remission for both types of IBD (CD and UC). It acts through the downregulation of
both proinflammatory cytokines such as IL-1, IL-6, and TNFa and NF«B activity by its interaction

with corticosteroids receptors ¢7.

Methotrexate is a chemotherapy agent and immune suppressant. Methotrexate is the third
line of treatment, and it is used when 5-ASA or corticosteroids are ineffective or partially effective
9. This drug is usually used to treat rheumatoid arthritis via inhibition of purine metabolism

leading to adenosine release, a potent anti-inflammatory substance. This will lead to decrease
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antibody formation, inhibit cellular proliferation and decrease the production of mediators of
inflammation such as interleukins and eicosanoids ®?. Methotrexate was found to inhibit

interleukin 1-beta, a proinflammatory cytokine, binding to its cell surface receptor .

Infliximab, an anti-tumor necrosis factor alpha (TNFa) agent, has been proven to be
effective to treat moderate to severe cases of IBD when the first three medications are ineffective.
This drug is a synthetic antibody against TNF-a and exert their effect by binding to TNF-a
receptors and preventing its activation. TNF-a 1s an inflammatory cytokine and one of the primary
mediators of the abnormal immune response in IBD patients. Significant improvement in
managing IBD was observed using TNF-a inhibitors /. The FDA approved infliximab for

treating Crohn’s disease %, UC 7% and other inflammatory diseases.

All these information summarizes different medications for treating IBD. However,
medical therapies not always show symptoms improvement in many patients and for that surgical
intervention shown to be necessary for remission. For such reason, efforts for developing new
therapeutic agents to treat inflammatory bowel disease and to minimize the final stage of IBD
treatment which is surgery are still under investigations (Figure 2). Many efforts are made to
understand the molecular mechanism of IBD and their pathogenesis. We will discuss in the next

section the tools that have created to study the IBD pathogenesis.

1.1.4 Animal models of IBD:

Since the etiology of IBD is still unknown, several animal models have been developed for
understanding the pathogenesis of IBD that will assist in discovering new therapies for IBD
treatment. These animal models were developed either by using chemical induction or genetic

manipulations.
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1.1.4.1 Chemically induced models:

There are several chemical agents that when administrated to animals induce colitis. One
of the most commonly used agents is dextran sodium sulfate (DSS). Dextran sodium sulfate is a
polysaccharide that quickly dissolves in water and mice on DSS showed characteristic features
resembling that of UC 7%, DSS is a toxic reagent to the colonic epithelial cells causing intestinal
permeability and bacterial invasion Y. Following DSS insult, an inflammatory reaction is
triggered in the animals gastrointestinal tract, and the expression of pro-inflammatory cytokines
and chemokines such as IL-1, IL-6, KC, TNF-0, and Interferon-y are upregulated "%, DSS
overexpresses Toll-like receptors, and upon activation, MyD88 gets recruited leading to NF«xB
activation /7 (Figure 3). DSS effectiveness depends on several factors such as molecular weight,
dosage, duration, the strain of animals, gender and microbial environment of animals ¥, DSS
treated mice undergo histological changes such mucin depletion, epithelial degeneration and
necrosis leading to the disappearance of epithelial cells 7. The acute phase of DSS also shows
increase apoptosis and decrease proliferation of epithelium causing relevant leaks in the epithelial
barrier allowing bacterial invasion “?. DSS is widely used in IBD research to study the molecular
mechanism of IBD, and in this thesis, we will use the same chemical agent in RASSF1A knockout

mice to investigate our hypothesis.

1.1.4.2 Genetically engineered models:

Transgenic and knockout mice have revolutionized the field of understanding IBD
pathogenesis. Knockout mice have contributed to the understanding and determining the
involvement of immune-related molecules in the pathogenesis of chronic intestinal inflammation.

These models have established the requirements for strict regulation of the mucosal immune
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response and have allowed identification of critical components involved in gut immune

regulation.

RASSFIA is the first member of the RASSF (Ras association domain family) family to
have tumor suppressive activity and the loss of such gene in knockout mice showed sensitivity
towards DSS. Rassfla”’- mice upon DSS administration showed induction of NF-kB activation
leading to upregulation of cytokine production and reduction in survival rate. Suggesting that
RASSFIA works in a pathway to restrict induced inflammation by regulating NF-kB activity
through its interaction with pathogen recognition receptors such as TLR ?#”. The mechanism of

how RASSFI1A regulates inflammation is the focus of this thesis.

IL-10 is one of the cytokines that establishes the inflammatory condition in the gut.
Physiologically by maintaining a check on pro-inflammatory responses to normal antigens and
beneficial bacteria . Mice with 1110 gene knockout spontaneously develop chronic enterocolitis
after 12 weeks of age and is characterized by massive infiltration of lymphocytes, activation of
macrophages, and neutrophils ¥?. Recombinant IL-10 administration or IL-10 supplementation
proved to be a therapeutic option for colitis treatment in an I110 knockout model ¥, IL-10
supplementation therapy showed to be effective in down-regulating cytokine responsible for

induced inflammation such as Tumor Necrosis Factor-o (TNF-a), IL-6 and IL-8.

NOD2 9 and several mutations of NOD2 gene have been identified with CD “Y. Two
genetically engineered mouse model for NOD2 have been created to study IBD @#%. The first
model is the NOD2 knockout model, Nod2” mice are born healthy, and they display no overt
intestinal inflammation symptoms up to 6 months of age ®¥. The second animal model is a knock-
in mutation in the leucine-rich repeat (LRR) of NOD2 (3020insC), this was the first identified

polymorphism in CD patients #9. This model is characterized by a gain of function leading to
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NOD2 induce activation causing an increase of cytokine production upon MDP sensing in
epithelial cells @7, Although Nod2”- and NOD2 3020insC mice models did not develop
spontaneous intestinal inflammation under germ-free environment, NOD2 3020insC mice
displayed symptoms of colitis upon DSS administration in a non-germ free environment when
compared to Nod2”- mice that showed resistant to induce colitis produced by DSS %, These
insights suggest that dysregulation of NOD?2 alone is not fully sufficient to induce intestinal
inflammation but other factors to IBD development in patients carrying NOD2 mutations are
contributed. Genetically manipulated NOD2 and NOD2 knockout mice strains have provided
mechanistic understanding on the role of NOD2 in IBD development and how NOD2 regulates

inflammation is mentioned in the third section of the introduction.
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Figure 1: IBD overview: There are several factors involved in BD pathogenesis which are
environmental factors, microbial flora, genetic susceptibility and impaired immunity. The
Interaction between these factors contributes to the pathogenesis of IBD. Under healthy conditions,
pathogens are suppressed by beneficial commensal bacteria through the induction of antimicrobial
proteins thus maintaining homeostasis. In IBD, a combination of genetic factors and environmental
factors lead to dysbiosis, and that will affect the barrier integrity, innate, and adaptive immunity,

resulting in uncontrolled chronic inflammation 9.
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Figure 2: The medical management of IBD: Medical management of IBD starts with non-steroid
anti-inflammatory drugs for the induction of remission. The second step is corticosteroids for rapid
relief of symptoms and a significant decrease in inflammation. Immunosuppressors are the third
option for IBD management when steroids fail to maintain remission. Anti-TNFa antibodies are
steroid-sparing drugs for the maintenance of remission. Finally, if the medications showed no

improvement in symptoms, then surgery will be the final stage for remission 7.
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system induced inflammation will later develop into colorectal cancer .
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1.2 Ras association domain family member 1A (RASSF1A or 1A)

1.2.1 Introduction:

The Ras association domain family consists of 10 members with RA domain either within
the N-terminal (RASSF7-10) or the C-terminal region (RASSF1-6)“". Although the ten members
of the family are different in structure, the most common pattern between them is Ras association
(RA) domain “”. RASSF is a family of proteins that are GTP-regulated, and they are involved in
transmitting signaling pathways within the cells such as proliferation, migration, cell death and

differentiation 2.

RASSF1A was the first member of the RASSF family with a tumor suppression activity.
RASSF1 gene has eight exons that undergo alternative splicing giving rise to 8 different isoforms
(RASSF1A-RASSF1H) on chromosome 3p21.3. RASSFIC is an isoform of the RASSF1 family
and is emerging as an oncogene (Y. In addition to the Ras association domain (RA domain) within
RASSF1A, SARAH (Salvador-Rassf1 A-hippo) domain is another domain found in the C-terminus
of RASSFI1A and is known for its association with pro-apoptotic kinases MST1 and MST2 %,
ATM (ataxia telangiectasia mutant) kinase domain is found from residues 125-138 and correspond
to DNA damage 7. Finally, in the N -terminal of RASSF1A is the cytosine-rich domain (C1 zinc
finger domain), and such area is characterized and demonstrated to be essential for death receptors
association (Figure 4) Y. The tumor suppression property of RASSF1A comes from its
involvement in different cell biological functions. What are the different cell biological function

RASSF1A involved in will be discussed in the next section.

1.2.2  The biological functions of RASSF1A
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1.2.2.1 Microtubule association:

The co-localization of RASSF1A with microtubules by deletion analysis in both the N-and
the C- terminus of RASSF1A revealed the importance of its interaction with microtubule 7.
RASSF1A was found to interact with microtubules through its interaction with MAPIB
(microtubule-associated protein 1B) and MAP1S (microtubule-associated protein 1S), which are
microtubule-associated proteins ®¥. The loss of RASSF1A microtubule localization leads to
inhibition of tumor suppressor properties, inhibition of death receptor-dependent cell death and the
loss of tubulin stability ®¥. In vitro studies on RASSF1A lacking ATM domain revealed the lack
of association of RASSF1A with tubulin leading to reduction cell-cycle arrest ®”. Inactivation of
RASSF1A in Hela cells by siRNA leads to loss of cell to cell adhesion and the development of a
fibroblast-like morphology. This indicates the importance of RASSF1A association with the
microtubular network to control cell migration /*”, MAPIS was found to interact with LC3, one
of the major protein involved in the initiation of autophagy signaling. LC3/MAPIS interaction is
essential for the formation of autophagosome. RASSFIA association with MAP1S proved to
enhance autophagy by suppressing genomic instability and tumorigenesis /7. These studies
indicate that RASSF1A microtubule stabilization may have a role in autophagy regulation and that

loss of RASSF1A may lead to uncontrolled autophagic response (7.

1.2.2.2  Control of cell cycle and mitotic progression:

RASSF1A plays an essential role in regulating the cell cycle. Several studies determined
that overexpression of RASSF1A lead to an accumulation of cells in G1 phase followed by a
decrease in cyclin D1 levels. Cyclin D1 is a protein required for G1 phase progression in the cell
cycle. In the G1 stage, Cyclin D1 is synthesized rapidly and accumulates in the nucleus, and as the

cell enters the S phase it gets degraded /??. Studies have shown that RASSF1A interaction with
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RABPI (RASSF1A binding protein 1/C190RF5/MAP1S) leads to its recruitment to the spindle
poles in pro-metaphase where it can interact with Cdc20 /9. RASSF1A interaction with Cdc-20
lead to inhibition of anaphase-promoting complex (APC), accumulation of mitotic cyclins A and
B causing mitotic arrest /Y. Upon phosphorylation of RASSSF1A by Aurora A kinase, the
interaction between RASSF1A and Cdc20 will not be achieved reveling APC inhibition that will

lead to cyclins degradation and mitotic progression (/%%

. These observations prove the ability of
RASSFIA to block cell cycle through controlling the mitotic progression and by blocking G1/S

phase (106, 107).

1.2.2.3 Apoptosis:

Apoptosis is a programmed cell death that is initiated by intrinsic and extrinsic factors.
DNA damage, unbalanced proliferative stimuli, and nutrient or energy depletion are activators of
intrinsic apoptosis pathway. The intrinsic pathway involves cellular constituent degradation by a
group of cysteine proteases called caspases. This path is characterized by mitochondria
permeabilization and cytochrome c release into the cytoplasm. Cytochrome c¢ forms the
apoptosome, which will initiate the activation of the caspase cascade through caspase 9. Extrinsic
factor includes specific death receptors such as tumor necrosis factor a (TNFa) receptor, TNFa
apoptosis-inducing related ligand (TRAIL), or Fas stimulation promotes apoptosis by extrinsic
pathway /%8 199 Mitochondria play an essential role in regulating apoptosis by promoting the
release of small apoptogenic molecules such as cytochrome ¢ 7/, RASSF1A is one of the primary
effector regulating the extrinsic cell-death pathway /Y. RASSF1A interacts with the mammalian
sterile -20 like kinase 1 (MST1) and 2 (MST2) members of the Hippo pathway to modulate their
kinase activity and induce cell death. MST1 and MST2 are serine-threonine kinases that are

activated by auto-phosphorylation in response to stimuli such as heat shock, oxidative stress, serum
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starvation and UV irradiation /%, Both MST1 and MST2 can directly interact with RASSF1A by
SARAH domain /3. Recently, RASSF1A could modulate the activation of the MST2 pathway
by controlling p73 transcriptional activity /% /79 and also it can associate with the pro-apoptotic

kinase, MST1, and function with K-Ras to promote apoptosis (/9.

RASSF1A can also induce cell death by interacting with a modulator of apoptosis 1
(MOAP-1). Upon stimulation of death receptor TNF-a receptors, MOAP-1 gets recruited by TNF-
a receptors to form a complex, and this allows MOAP-1 to interact with RASSF1A creating a
trimeric complex leading to MOAP-1 and RASSF1A localization to the active death receptor. The
association of RASSF1A with MOAP-1 lead to conformational changes exposing MOAP-1 BH3
domain to facilitate MOAP-1 binding with the BAX 5 /7. MOAP-1 will induce conformational
changes in BAX allowing it to insert itself into the mitochondrial membrane to activate cell death.
BAX activation through death receptor is inhibited by the absences of RASSF1A 77, suggesting
that RASSF1A is an essential mediator of extrinsic apoptotic pathways and highlights RASSF1A
tumor suppression role. Although RASSF1A is a tumor suppressor, RASSF1A role in regulating

inflammation in mice model of colitis was also observed. How

1.2.3 RASSFI1A and intestinal inflammation:

RASSF1A is epigenetically silenced 37 types of human cancers by hypermethylation in
the promoter region (/% 179 RASSF1A was also found to be methylated in 20-52% of colorectal
cancer 2%  and also it was found silenced in IBD ?/ and pancreatitis patients, a pre-condition

(122 Rassfla’" mice are viable, fertile and retain expression of isoform 1C and

diseases to cancer
other RASSF gene family members. These genotypes have an increased tumor incidence by 12—

16 months of age especially in the breast, lung, gastrointestinal (GI) and immune system and they
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develop tumors in response to chemical carcinogens suggesting that Rassfla gene is a tumor
suppressor gene (129,

In a recently submitted publication by our lab, mice lacking RASSFIA gene were
susceptible to DSS-induced inflammation injury mimicking human ulcerative colitis ¢%.
RASSF1A knockout mice displayed clinical symptoms of murine colitis upon DSS administration.
These symptoms include increased intestinal permeability, enhanced cytokine/chemokine
production, elevated NF-kB activity, increased colonic cell death and epithelial cell injury 7.
Rassfla’ mice older than six months also showed enhanced susceptibility to spontaneous

inflammation of the gastrointestinal tract (unpublished observations).

These data suggested that RASSF1A restricts NF-xB activation upon DSS administration
by interfering with membrane complex (TLR4-MYDS88/Traf6/Irak2/4) formation ¢”. The
restriction of NF-kB activity leads to the reduction in tyrosine phosphorylation of Yes-associated
protein (YAP), a transcriptional co-activator and regulator of cell proliferation and apoptosis .
Previous studies showed that c-Abl, a proto-oncogene that is involved in the different cell process,
can induce tyrosine phosphorylation of 357 YAP in response to DNA damage the same
observation occurred during intestinal inflammation injury stimulated by DSS (/24720 DNA
damage will drive the formation of pY-YAP/p73 complex to activate pro-apoptotic gene
expression, especially Bax ?”. Enhanced Y357 Y AP phosphorylation in Rassfla”- knockout mice
lead to induce in Bax expression and increased cell death ®? (Figure 5). These data suggest the
critical role of RASSF1A in regulating inflammation in Rassfla”~ knockout mice from DSS
induced inflammation, and the loss of RASSF1A showed poor survival and recovery under the
insult of DSS. Rassfla’- mice proved to be a compatible model in understanding the molecular

mechanism of inflammatory bowel disease under the influence of DSS.
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ITCH is an ubiquitin-conjugating enzyme that has a negative regulatory effect on NOD2
activation. When NOD2 gets activated by sensing both Gram-positive and Gram-negative bacteria,
it recruits RIPK2. RIPK?2 undergoes tyrosine autophosphorylation at Y474 and ubiquitination by
inhibitor-of-apoptosis (IAP) proteins. IAPs have been demonstrated to bind and promote K63
polyubiquitination of RIP2 at lysine 209 (K209), leading to the activation of downstream signaling
pathways. ITCH mediates ubiquitination of IAPs leading to IAPs lysosomal degradation and
RIPK2 downregulation %%, In a recent paper, ITCH was observed to degrade RASSF1A. In
response to Transforming growth factor B (TGF-B), RASSF1A is recruited to TGF-f} receptor I
and targeted for degradation by E3 ubiquitin ligase ITCH. RASSF1A degradation will lead to the
association of Hippo pathway effector YAP1 with SMADs. This complex then enters the nucleus
and acts as a transcription factor for various genes /??. These approaches indicate the existence of

a possible correlation between RASSF1A and NOD2.
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Figure 4:Schematic diagram of RASSF1A and its different functional domains; the SH3 binding
domain of RASSF1A which is conserved in mouse and human forms of RASSF1A, the C1 zinc
finger domain essential for TNF-R1 and TRAIL-R1 association, the ATM (Ataxia telangiectasia
mutated) phosphorylation site, ATM is a serine/threonine protein kinase that is activated upon
double strand breaks and apoptosis and the binding sites for several RASSF1A effector proteins
are shown. The Ras association domain (RA) may potentially associate with the Ras family of
oncogenes. The SARAH domain associated with the sterile-20 like kinases, MST1 and MST2.

Positions of exons and amino acids are also indicated. (Adapted from El-Kalla et al.; 2010)
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Figure 5: Model for RASSF1A regulation of NFkB and YAP: RASSFI1A restricts NFkB activity
by interfering with the ability of membrane-proximal TLR/MyD88/TRAF6/IRAK2/4 to promote
downstream signaling to NFkB. This results in the interference of NFxB-dependent gene
transcription and the activation of inflammatory pathways. Through regulating NF«B activity (and
early increases in DNA damage), RASSF1A indirectly regulates the activity of a PTK to tyrosine
phosphorylation YAP. Increased PTK activity would drive tyrosine phosphorylation of YAP and
increased pY-YAP/p73 transcriptional up-regulation of pro-apoptotic genes such as Bax.
Increased levels of Bax results in apoptosis, intestinal inflammation, oxidative (and DNA damage)

and colonic injury. Sustained levels of apoptosis will result in the pro-apoptotic cleavage of c-Abl
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to stabilize p53. Accumulated p53 can further promote cell death and further colonic injury and

poor recovery following inflammation insults %
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1.3 NOD-like receptor protein 2:
1.3.1 Introduction:

The innate immune response is a line of defense against pathogens and endogenous stress.
The rapid innate immunity is regulated by a group of pathogen recognition receptors (PRRs) found
on the cell membrane or in the cytoplasm 3. NOD-like receptors (NLRs) are intracellular PRRs
that responds to intracellular invading pathogens and stress signals generated within the cell 37,
There are 23 types of NLRs proteins, they all have the same C-terminal leucine-rich repeat (LRR)
domain, and they all share a central nucleotide-binding domain (NACHT domain). But what makes
them different from each other is their specific N-terminal domain 3%, The NLR family are
classified according to their N-terminal domain into four subfamilies: NLRA, NLRB, NLRC, and
NLRP. These subfamilies contain an acidic transactivation domain, baculovirus inhibitor repeat
(BIR), caspase recruitment domain (CARD) or pyrin domain (PYD), respectively /39 (Figure 6).
The LRR domain acts as a sensor for either pathogen-associated molecular patterns (PAMPs) such
as pathogens, or danger-associated molecular patterns (DAMPs) such as endogenous stress signals.
Upon peptidoglycan binding, NLRs homooligomeric and act as a signaling platform for the
assembly of adaptor and effector molecules 3%, The first two members of the NLRCs to be

identified are nucleotide-binding oligomerization domain-containing protein 1 (NOD1) and

nucleotide-binding oligomerization domain-containing protein 2 (NOD2).

1.3.2 NODI1 and NOD?2 differences and similarities:

NOD1 (CARD4) and NOD2 (CARD15) receptors, are NLRC proteins and were the first
of the NLRs to be identified /** /3%, NODI is expressed ubiquitously in every cell while NOD2 is

found mostly in several types of epithelial including Paneth cells which are located in the lining
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of the intestine 3. Not only the expression levels of these proteins are different but also the type
of ligands they respond to are different. Both NOD1 and NOD?2 receptors can sense peptidoglycan
which is a significant component of the bacterial cell envelope in both Gram-positive and Gram-
negative bacteria 37, NODI receptors recognize y-D-glutamyl-mesodiaminopimelic acid (iE-
DAP), found in some Gram-positive bacteria and all of the Gram-negative bacteria (3%, While
NOD2 receptors sense muramyl dipeptide (MDP), a conserved motif found in all Gram-positive

and —negative bacteria, making NOD2 a more general and major sensor of bacterial invasion /3%,

Both NOD1 and NOD2 are kept in an inactive monomeric state in the absence of
pathogenic ligands by auto-inhibitory molecular interactions, whereby the LRR domain binds to
its own NACHT domain, prohibit oligomerization 3. Inactive NLRs are stabilized by forming a
complex with chaperones proteins such as heat-shock proteins (HSPs), HSP70 or HSP90, avoiding
pre-mature degradation of NLRs (40 41 These complexes are believed to contribute to bacterial
tolerance by preventing excessive inflammatory response in regions where trillions of bacteria

reside such as the intestine /¥ (Figure 7).

Upon pathogen recognition and binding, NLRs undergoes a conformational allowing them
to homoligomerise and become activated via their NACHT domains 3/, Active NOD1 and NOD2
can transduce the bacterial signal by ubiquitination/phosphorylation cascade that starts with the
recruitment and activation of receptor-Interacting Serine/Threonine-Protein Kinase 2 (RIPK2)
(143 RIPK2 kinase subsequently becomes polyubiquitinated at lysine-63 (K63) a reaction
catalyzed by three E3 ligases, thereby assisting the activation and binding of the transforming
growth factor B-activated kinase 1 (TAKI1), TAKI1 binding protein 2 (TAB2) and TAK1 binding

protein 3 (TAB3) complex “Y. TAK1 becomes active when associated with its complex

components, and such activation will recruit the IKK complex for activation. The IKK complex
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consists of an inhibitor of kB kinase a (IKK ), an inhibitor of kB kinase B (IKKf) % and inhibitor
of kB kinase y (IKKy), also known as an NF-kB essential modifier (NEMO) 4, Activation of
IKKP will phosphorylate the NF-kB inhibitor; inhibitor of kBa (IxBa). Upon phosphorylation of
IxBa, IkBa gets polyubiquitinated at K48 causing it to dissociate from the NF-«kB transcription
factor heterodimer (p50-p65). The released inhibitor then gets degraded by the proteasome
allowing NF-«B translocation to the nucleus. In the nucleus, NF-kB binds to kB sites in the DNA
and leads to the transcription of pro-inflammatory cytokines 7#”. Not only TAK1 kinase activates
NF-kB but also phosphorylates the mitogen-activating protein kinases (MAPKs) which are c-jun
N-terminal kinase (JNK), p38 and extracellular signal-regulated kinase (ERK). These kinases are
the upstream mediators of the activator protein-1 (AP-1) transcription factor. AP-1 gets
translocated to the nucleus where it promotes the expression of pro-inflammatory mediators /37

48 (Figure 8).

1.3.3 NODI1/NOD2 and inflammatory bowel disease:

Since the discovery of loss- and gain-of-function polymorphisms in NOD1 and NOD2,
many studies have contributed to understanding the role of these proteins in regulating chronic
inflammation. mRNA expression studies revealed the involvement of NOD1 and NOD2 in a wide
range of inflammatory diseases such as inflammatory bowel disease (IBD), autoinflammatory
disease, rheumatoid arthritis, allergy, cardiovascular and metabolic diseases, but in this chapter,

my primary focus will be on the role of NOD1 and NOD2 on inflammatory bowel disease.

UC patients revealed an increase in NOD1 mRNA expression level in colon epithelial cells
when compared to biopsies taken from a patient without the disease. The expression of NODI

originated from the same UC patients during remission was reduced when compared to control
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biopsy. These observations highlight the contribution of NOD1 in UC chronic inflammatory state

(149)

Intestinal epithelial cells are exposed to millions of bacteria. However, these cells are able
to keep the intestine healthy without causing excessive inflammation 3%, The commensal
microflora plays an important role in preventing pathogenic invasion and colonization by restoring
the epithelial barrier and assisting immune cells in the mucosa to regulate basal immune response
(3D Both NOD2 and commensal bacteria function together in regulating the expansion of
commensal communities. Commensal bacteria promote NOD2 expression, and such expression
will in turn negatively feeds back and prevents overexpansion of commensal bacteria (/7.
Indicating the importance of NOD2 in maintaining a peaceful balance between the microbiome
and host immune responses. A disruption in such balance will lead to dysbiosis, whereby
pathogenic bacteria begin to overwhelm symbiotic bacteria causing the destruction of the intestinal
epithelial barrier allowing bacterial invasion and that will be associated with inflammation /92 733
Defective NOD2s are linked to changes in the patterns of the microbiome and epithelial barrier
integrity. Knockdown of NOD2 expression significantly weaken bacterial-killing ability by Paneth
cells and significantly enhanced colonization by the pathogenic bacteria Helicobacter hepaticus in
mice °¥. Paneth cells are cells residing at the bottom of the intestinal crypts, and they are the
critical effectors of innate mucosal defense. These cells release an antimicrobial agent a-defensin
in the gut to regulate hemostasis, and the disruption of its function due to NOD2 deficiency may

attribute in induce inflammation 5%,

Most available data showed no link between NOD2 mutations and UC. Juyal et al. in 2007,
showed an association between SNP5 in CARDI15/NOD2 and UC in North Indians. This

polymorphism leads to an amino acid change from proline to serine (P268C) in the nucleotide
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binding domain (NBD). SNPS5 was significantly more frequent among UC when compared with
controls (17% versus 12%) (79, Whereas In 2013 G. Walker et al., published a paper on genetic
susceptibility of a different ethnicity to ulcerative colitis. In this study, he observed no significant
differences in frequency in SNP5 NOD?2 variant and UC patients in Indian Asians and white
northern Europeans. In this study, there was no difference between Indian UC patients and controls

(11% versus 15%) 97,

NOD2 deficient mice have shown altered bacterial content in their terminal ilea and an
increase of both Bacteroides (Gm-ve bacteria) and Firmicutes (Gm+ve bacteria) (91 193,
Dysbiosis, disruption in microbial balance, has been found in CD patients that have
polymorphisms in both NOD2 and/or autophagy related 16 like 1 (ATG16L1) genes. However,
further investigations on the true role of this bacterial imbalance showed they result from these
genetic mutations 3> 7°%_ Since NOD2 was identified to be linked to CD 3 89 Extensive research
on the link between NOD2 polymorphisms and CD identified three polymorphisms within or near
to the LRR region. One of these polymorphisms results in the form of a frame-shift mutation
(L1007fs) while the other two are missense mutations (R702W and G908R) % /3 Individuals
who are heterozygous for NOD2 variants have a 2-4 fold increased the risk of developing CD.
Instead, individuals who are homozygous for these NOD2 polymorphisms have an additional risk
by 20-40 fold %?. Regardless of this increased risk, most individuals do not develop chronic
inflammatory disorders even if they carry two NOD?2 variants. Knock-In (L1007fs) NOD2 mice
model raised in a specific-pathogen-free environment did not develop intestinal inflammation /6%,
suggesting the involvement of either microbial or environmental factors as mediators for inducing
inflammation developed in patients carrying NOD2 polymorphism. These polymorphisms are a

loss-of-function of NOD2 responsiveness to MDP. NOD2 maintains the intestinal epithelial barrier
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by regulating antimicrobial agent release and sustaining bacterial levels and population types. The
loss of function showed loss of NOD2 protective function against invading pathogens leading to
increased inflammation by NOD2-independent pro-inflammatory pathways (/5”162 Early studies
in ileal CD patients holding the NOD2 L1007fs polymorphism in Paneth cells showed a reduction
of a-defensin release in these patients #> /69, However, recent data suggested that this decline is a
secondary effect of the NOD2 loss of function. A defective NOD2 will cause excessive
inflammation and impairs the release of a-defensin /59, The excessive inflammation of defective

NOD?2 is due to impaired bacterial clearance of NOD2 by ATG16L1 recruitment.

After all, ATG16L1 and NOD?2 physically interact with each other and they both play a
role in pro-inflammatory signaling and bacterial clearance. Several theories to explain the
influence of ATG16L1 in NOD2-associated inflammation has been raised. One hypothesis
proposes that ATG16L1 assists MDP trafficking within the cell and assisting NOD2 signaling ¢%.
Another study proposes that ATG16L1 is a negative regulator for NOD2 signaling pathway, it
suggests that ATG16L1 dysregulate NOD1 and NOD2 pro-inflammatory signaling by blocking
K63 polyubiquitin tag to the RIPK?2 leading to inactivation of RIPK2 (%Y. A third study suggested
that upon bacterial invasion, NOD1/NOD?2 activation and autophagy are promoted in parallel to
pro-inflammatory signaling to assist bacterial degradation 4. This theory was supported by
research done on individuals carrying NOD2 and ATG16L1 variants and that revealed defective
innate immune responses and bacterial clearance. Since NOD2 variants will not respond to
invading pathogens effectively and the cell will counter pathogen invasion by enhancing the
adaptive immune response via excess monocyte activation and phagocytosis. Excessive
phagocytosis results in bacteria accumulation within the interior of the cell due to defective

autophagic response caused by ATG16L1 polymorphism /¥, Current knowledge has identified
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a strong link between NOD2/ATG16L1 and IBD development. These observations are still
relatively in the early stage of research and further analysis is required to confirm the role of this

receptor in this disease.
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NOD1

NLRC

Figure 6: The NLR gene family. The NLR gene family consists of 23 members that share a
tripartite structure, consisting of an N-terminal signaling domain, a central nucleotide-binding and
oligomerization domain, and a C-terminal agonist sensing/ligand-binding domain. The NLR
family is sub-divided into four sub-groups NLRA, NLRB, NLRC, and NLRP based on the nature
of the N-terminal domain consisting respectively of an acidic transactivation domain (AD), a
baculovirus IAP repeat (BIR), a caspase-recruitment and activation domain (CARD), and a Pyrin

domain (PYD) (/57
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HSP90

MDP

Figure 7: NLRs signaling; LRR domain binds to its own NACHT domain to inhibit
oligomerization of NLRs. Inactivation NLRs are stabilized by interacting with chaperones proteins
such as HSP70 or HSP90, avoiding their degradation. Upon MDP sensing NLRs undergoes
conformational changes allowing them to be active through the dissociation of HSP70 or HSP90

from the complex.
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Figure 8: Model of NOD1 and NOD?2 signaling cascades. NOD1 and NOD2 recognize bacterial
PGNs, iE-DAP, and MDP, respectively. Following ligand sensing the NODs recruit their regular
adaptor RIPK2 by CARD-CARD interactions and induce RIPK2 to undergo phosphorylation and
ubiquitination. RIPK2 assists the activation and binding of TAKI1, TAB2 and TAB3 complex.
Active TAK1 will recruit the IKK complex for activation and activation of IKKp will
phosphorylate IkBa for degradation. NF-kB will translocate to the nucleus for pro-inflammatory
cytokines production. TAK1 kinase also phosphorylates MAPKSs such JNK, p38, and ERK. These
kinases upon activation AP-1 transcription factor will be translocated to the nucleus to promote

the expression of pro-inflammatory mediators (adapted from reference 167).
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1.4 Autophagy:

1.4.1 Introduction:

Autophagy is a self-degrading system in the cell that delivers cytoplasmic constitutes to
the lysosome for degradation. The cytosolic component warped for lysosomal degradation are
recycled as a source of energy used by other cells /%%, There are three known types of autophagy
which are macroautophagy, microautophagy, and chaperone-mediated autophagy.
Macroautophagy is the most prevalent form of autophagy, and it is characterized by the unique
formation of a double-membrane which is the autophagosome engulfing the cytoplasmic content
(169 The autophagosome is then fused with lysosomes and the content gets degraded %Y. The
second type of autophagy is microautophagy; microautophagy involves engulfment of cytoplasmic
cargo by inward invagination of the lysosomal membrane /7%, Chaperone-mediated autophagy is
the third form of autophagy and it is unique for cytosolic protein degradation which is mediated
by the heat shock cognate protein 70 (hsc70) and the lysosomal-associated membrane protein type
2A (LAMP-2A) (171.172),

Stress, cellular starvation, damaged organelles and intracellular microbes trigger
autophagy (7¥. Autophagy is a highly controlled process mediated by protein kinases and
ubiquitin-like machinery. Most of the autophagy components were identified and characterized in
yeast two-hybrid, leading to the discovery of over 32 autophagy-related (ATG) genes. This highly
programmed and conserved process is regulated by protein kinases and ubiquitin-like machinery

into four different stages which are initiation, elongation, cargo selection, and maturation (/%9

1.4.2 Autophagy signaling pathway:
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Upon recognition of stress, starvation and bacterial invasion, ULK (uncoordinated-51-like
kinases) kinase complex will initiate the formation of an isolation membrane. ULK complex
activation recruits other autophagy proteins such as the class III phosphatidylinositol 3-kinase
(PI3K) complex involving, Beclin-1, Vps34 (vacuolar protein sorting 34), the serine/threonine
kinase p150, and Barker/mAtg14 on the isolated membrane. The activation of the PI3K complex
generates phosphoinositide that will recruit other proteins to transport membrane to the growing

phagophore 79,

Elongation of the isolated membrane occurs by two ubiquitin-like conjugation process. The
first step 1s mediated by ATG7 and ATG10 and they will link to ATG12 to ATGS by forming a
covalent bond. ATG16L1 interacts with the ATG12 and ATGS5 complex and will be localized to
the phagophore. The second conjugation process is comprised of ATG4, ATG7 and ATG3, which
will modify microtubule-associated protein light chain 3 (LC3) protein by attaching a
phosphoethanolamine lipid and inserting the modified LC3 into the autophagosomal membrane.
It has been demonstrated that the ATG12, ATGS and ATG16L1 complex promotes LC3 lipidation
and assists in the insertion of the LC3-II, the modified form of LC3-I, to the phagophore. Cargo
recruitment and autophagosome closure are promoted by LC3, making it a valid biomarker in
studying autophagy regulation. (/74 179,

Specific adaptor proteins do interact with LC3 to regulate the trafficking of protein
aggregates, intracellular pathogens and damaged organelles towards the autophagosome. p62 is
one of the cargo selection proteins that tags the protein aggregates, damaged organelles and
intracellular pathogens with ubiquitin substrate and trafficking them to the autophagosome through

binding to LC3. These substrates along with p62 will be degraded in the autophagosome by
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lysosome. Showing that p62 is another biomarker for studying autophagic flux since the
degradation of p62 is an indication of autophagy maturation (7%,

The maturation of autophagosome is complete when it fuses with lysosomes to cause
degradation of its contents. Both Rab7, a member of small GTPases, and lysosome-associated
membrane proteins (LAMP-1 and 2) regulate the fusion of the lysosome with the autophagosome
forming at the end autophagolysosomes. The cargo of the autophagosome is degraded by the action
of cathepsins and lysozyme, which are lysosomal hydrolyzes, into small molecules. Degraded
molecules are then transported to the cytosol for recycling or to be presented as antigens to activate
the adaptive immune response /7% (Figure 9).

In intestinal cells, we observed under an inflammation-induced injury rodent model, the
genetic loss of RASSF1A resulted in increased inflammation and colitis-like symptoms and
abnormal tyrosine phosphorylation of RIPK2, the obligate kinase for NOD2. Furthermore, the
increased inflammation was accompanied increased autophagy. To study autophagy regulation,

p62 biomarker will be analyzed in this thesis.

1.4.3 Autophagy modulation in IBD therapy:

Many studies were adopted to investigate the outcome of using autophagy activating
compounds in animal colitis models. An initial study showed that by using everolimus, a mTOR
inhibitor, chronic colitis was significantly reduced in an interleukin-10 deficient mouse model by
decreasing the percentage of CD4+ T cells in the colonic mucosa and reducing IFN-y production
(176).

Similar findings were proved in two different cases, the reports demonstrated that

administrating mTOR inhibitors (everolimus and sirolimus) resulted in a marked and sustained
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improvement of disease in CD patients /7”7, However, everolimus showed ineffective when it was

tested on CD patients with moderate-to-severe disease in a larger clinical trial 79,

Vitamin D has been identified as an autophagy regulator through modulation of calcium
fluxes and the control of autophagy gene expression. It was also demonstrated that the expression
of NOD2 is regulated through the activated VDR (vitamin D receptor) 7%. Linkage studies
observed that polymorphisms in VDR (vitamin D receptor) are associated with IBD susceptibility
in non-European populations in both CD and UC patients ”?. Furthermore, studies identified
vitamin D deficiency as a risk factor for CD 8% In DSS colitis model, administration of vitamin
D or a VDR agonist (BXL062) resulted in improved the signs and symptoms of colitis /4" while
mice fed on vitamin D deficient diet were more susceptible to DSS-induced colitis /4%, This data
suggests the importance of using vitamin D as a source for autophagy regulation, as vitamin D is
a natural product that has fewer side effects and may be more effective and safer for long-term
treatment of chronic conditions such as IBD.

Currently, our lab is studying the effect of 3-MA (3-methyladenine), an autophagy inhibitor
on a DSS colitis mouse model. 3-MA inhibits autophagy by inhibiting Phosphatidylinositol 3-
kinases (PI-3K) leading to autophagosome formation blockage (4¥. Unpublished data from our
lab suggest that Rassfla knockout mice have increased autophagic response after DSS treatment,
which goes along with increased cell death, decreased epithelial repair and healing. Interestingly,
the autophagy inhibitor, 3-MA can fully protect RASSF1A and 7//0 knockout mice from DSS-
induced inflammation injury and reduces the signs of colitis. Furthermore, chloroquine partially
reversed the damaging effect of inflammation- induced by DSS and increases the survival rate of
Rassfla knockout mice from 20% to 40%. These findings suggest the importance of using

pharmacological modulators and/or pharmacological inhibitors for autophagy as a novel
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therapeutic approach for IBD treatment and protecting IBD patients from predisposing to cancer

later in life.

1.4.4 Autophagy and Inflammatory bowel disease:

Many genes related to autophagy have been linked to IBD development. These genes are
IRGM (Immunity-related GTPase family M protein) %9, NOD2 (Nucleotide-binding
oligomerization domain containing 2) 9, VDR (Vitamin D receptor) /¥ , DAP (Death-associated
protein) /89 autophagosome formation, ULK 1 (Unc-51 Like Autophagy Activating Kinase 1) /%7
and ATG16L1 (Autophagy-related 16 like1)’®®¥ or in autophagosome maturation, LRRK2
(Leucine-rich repeat kinase 2) %%, NOD2 polymorphisms were first identified in IBD patients,
and later ATG16L1 polymorphism in IBD patient through GWAS was also determined. Since both
NOD2 and ATGI16L1 can physically interact with each for autophagic clearance of intracellular
pathogens % many studies were implemented to understand the mechanism of these two genes

polymorphism in regulating inflammation in IBD.

1.44.1 ATGI6LI:

ATGI16L1 is a major protein in the autophagy signaling pathway and has an essential role
in guiding molecules of the autophagic machinery for autophagosome formation *”. In vitro
studies proved that upon knocking down ATG16L1 expression in cell lines the localization of
intracellular bacteria to the autophagic vacuoles is reduced. Such observation indicates the
importance of ATG16L1 in bacterial degradation through autophagy /9%,

A single nucleotide polymorphism (SNP) in ATG16L1 gene has been identified to be
associated with CD "#¥, This SNP is common, and about 45-50% of healthy individuals carrying

this risk allele showed no signs of inflammation indicating that IBD is a multi-factorial disease.
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ATGI16L1 is composed of several domains but the most critical domain in this gene and is essential
in autophagic activity is the WD repeat domain. Threonine to alanine amino acid change at position
300 (T300A) within the C-terminal tightly conserved WD repeat domain is one of the most
frequent polymorphisms associated with IBD #¥, Some studies proved that such polymorphism
might be impaired antibacterial autophagy function, and such finding suggests that ATG16L1
(T300A) mutation contributes to IBD pathogenesis /. Other studies with healthy individuals and
CD patients demonstrated that ATG16L1 expression at both protein and mRNA levels were not
affected either by ATGI6L1 genotype or the state of inflammation in the intestine (7.
Furthermore, mutations studies confirmed that this region is not essential for starvation-induced
autophagy in fibroblasts */. These studies showed contradictory on the role of ATG16L1 and its
polymorphism on IBD. To explore the relation between ATG16L1 and IBD, genetically
manipulated mice were created for in vivo studies.

In vivo mice with functional knockout of the ATG16L1 protein was generated /9. These
mice die within 24 hours of birth, showing that autophagy is essential for survival in newborn mice
(19 Autophagy in ATG16L1 knockout macrophages was inhibited but IL-18 and IL-1p level upon
treating these macrophages with Lipopolysaccharide (LPS), or other activators of the
inflammasome. ATG16L1 knockout mice showed to be sensitive to DSS, and they show signs of
colitis, lymphocytic infiltration and ulceration which correlates with high levels of pro-
inflammatory cytokines IL-1p, IL-18 and IL-6. Interestingly, CD patients and healthy volunteers
who were genotyped for ATG16L1 variant showed in hyper-production of IL-18 ??” suggesting
the role of autophagy in regulating pro-inflammatory cytokine production.

Atgl6L1 hypomorph (4tgl6L1HM) mice were generated, and they showed 30% reduction

of ATG16L1 expression level 7°®. In-depth analysis was done on these genotypes, and it was
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observed that the morphology and architecture of the intestine and the colon were not affected and
also no signs of spontaneous inflammation was shown. The Paneth cells of these genotypes
demonstrated transcriptional alterations, functional changes, and morphological abnormalities.
Paneth cells, are secretory cells located at the base of the crypts and plays a vital role in mucosal
defense through the secretion and production of anti-microbial lysozyme, peptides, and
inflammatory mediators into the gut. High levels of leptin and adiponectin are transcribed from
Paneth cells of Atgl6L1HM mice, and both immunoregulators have been linked to a pathologic
hallmark of CD %Y. Visible packaging and exocytosis of antimicrobial granules have been
demonstrated in Paneth cells. Similar Paneth cell abnormalities were also detected in CD patients
carrying homozygous for the ATG16L1 risk allele. Such observation indicates that this mouse
model may replicate some of the pathological changes that are associated with human disease.
Noting the importance of animal models in studying IBD pathogenesis and molecular mechanism
(198 ATG16L1 HM mice are resistant to DSS-induced inflammation indicating that reduction of
ATGI16L1 expression by itself is not sufficient enough for the pathologic changes found in IBD
patients. Proving that IBD is a multi-factorial disease and genetic risk factor alone is not enough
for disease development.

1.4.4.2 NOD2 and ATG16LI:

Studies by three different groups demonstrated ATG16L1, a protein in the autophagy
signaling pathway, is triggered by NOD2 and NOD2-ATGI6LI1 interaction may consider
susceptible factor for IBD pathogenesis. In vitro studies proved that NOD2 activates autophagy
and the interaction of NOD2 with ATG16L1 were demonstrated in epithelial cells at the site of
bacterial entry indicating that NOD?2 is essential in guiding ATG16L1 towards pathogens entry

sites on the plasma membrane to activate autophagy ¢¥. NOD2 (L1007fs) risk variant showed to
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be defective in localizing to the plasma membrane unlike the wild-type NOD2 and that is because
of the mutation in the sensory domain of NOD2 %, Such observation suggests that the inability
of NOD?2 to localize to the site of invasion might be one of the contributing factors for Cohn’s
disease appearance. Additionally, other studies showed that cell expressing L.1007fs mutation of
NOD?2 are unable to target bacterial autophagosome and NOD2 and ATG16L1 localization to the
plasma membrane was impaired. Indicating that NOD2 and ATG16L1 membrane localization is

essential for bacterial clearance ¥,

In 2010, Homer et al. indicated that activation of NOD?2 signaling pathways regulates
autophagy, MAPK and NF-xB 9. NF-«B activation through NOD2 upon MDP stimulation was
reduced when autophagy was blocked by inhibitors or by knocking down ATG16L1 expression
(39 These results suggest that autophagy is a novel mechanism that can be regulated by NOD2
during an intracellular bacterial invasion. However, this effect depends on cell type and function,
as NF-kB activation by MDP stimulation in human epithelial cells and macrophages was similar
to cells expressing wild-type ATG16L1, but bacterial killing enhanced by MDP in epithelial cells
was impressively impaired when compared to macrophages. In 2013 ATG16L1 was revealed to
be a negative regulator of NOD2 inflammatory responses and ATG16L1 knockdown showed to
promote NOD2 driven cytokine production /%Y. Indicating that ATG16L1 has an inhibitory role
in NF-xB activation via NOD2 activation. Therefore, there is a contradiction between the two
studies described above, suggesting more investigations have to be done to confirm the role of
autophagy-related proteins specifically ATG16L1 in regulating NOD2 driven inflammatory
responses. NOD2 stimulation by bacteria and activation of autophagy provides a functional link

between NOD2 and ATG16L1 both of which are related to IBD. Furthermore, it highlights that
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the impairment of NOD2 and autophagy signaling might influence intestinal inflammation and
contributes to IBD pathogenesis.

Defective autophagy was linked to IBD pathogenesis, with evidence showing that
regulating autophagy may be therapeutically beneficial. A recent paper studied the effect of IBD
medications on modulating autophagy signaling pathway ’”. Another study in 2016 published
the outcome of autophagy inhibitor 3-methyladenine (3-MA) on corticotropin-releasing hormone
(Crh), knockout mice. Corticotropin-releasing hormone is a peptide hormone involved in the stress
response and intestinal biopsies from patients with IBD identified induced Crh levels when
compared to control samples. DSS administered Crh”- mice treated with 3-MA showed
improvement in survival and reduction in inflammation %%,

Gathering all of these data, we hypothesize that RASSF1A may have a role in regulating
NOD2 signaling by preventing RIPK?2 from associating with NOD2 and thus interfere with
NF-kB and autophagic activation. We aim in testing our hypothesis by using the Rassfla”
knockout mice and exploring the different objectives that are created for supporting our
hypothesis. These objectives of my thesis were; (i) if the NOD2/RIPK2 pathway is responsible
for triggering inflammation in the RASSF1A knockout mice upon DSS-induced injury then the
outcome in the Rassla’"Nod2”~ mice upon DSS administration should be blunted. (ii) if RASSF1A
associates with NOD2 and regulates NOD2 signaling pathway by regulating RIPK2 and
ATGI16L1. This can be answered by immunoprecipitating RASSF1A against NOD2 and the
downstream signaling protein involved in NOD?2 signaling upon MDP stimulation. (iii) if both
abnormal autophagic signaling and abnormal inflammation is triggered in the Rassfla” mice, then
treatment with either autophagy inhibitor or RIPK2 inhibitor should alleviate DSS-induced

inflammation injury. This can be tested by injecting either 3-MA, autophagy inhibitor, or RIPK2
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inhibitor-1 in RasssfIa”~ mice upon DSS administration, and record the survival and inflammation
outcome of using these inhibitors. (iv) Finally we aim to validate the importance RIPK2 activity
in IBD patients using our proprietary pY474-RIPK2 antibody as a surrogate marker for active

RIPK2 (Figure 10).
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Cellular Stressors: i.e. Bacterial infection, Nutrient starvation, Protein aggregates, etc.
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Figure 9: Autophagy signaling pathway: Autophagy is activated by several cellular stressors to
activate molecules responsible for autophagy initiation such AMPK, NOD2, etc. Once autophagy
is activated autophagosome will encapsulate the cytoplasmic component. The cytoplasmic
component within autophagosome will be degraded through lysosome fusion forming
autophagolysosomes. Autophagy is divided into four steps including, initiation, elongation, cargo
selection, and maturation. These steps are highly regulated and involve many activators and

regulators. Proteins in red are GWAS identified genes that associated with IBD %%,
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Figure 10: Schematic diagram of RASSF1A on regulating NOD?2 signaling pathway: Upon NOD2
sensing of pathogens or MDP conformational changes occur allowing RIPK2 to bind to a NOD2
receptor such binding is restricted by RASSF1A. RIPK2 associates with NOD?2 and gets activated
by phosphorylation of tyrosine 474 and by K63 ubiquitination. RIPK2 inhibitor-1 downregulates
the activation of RIPK2. Through RIPK2 activation inflammation (NFxB) and autophagy
(ATG16L1) gets activated. The autophagy signaling pathway is inhibited 3-Methyladenine (3-

MA) (Adapted from Dr. Shairaz Baksh).
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2 Chapter Two-Materials and Methods

49



2.1 Materials and buffers:
All chemicals were used according to the manufacturer’s specifications as well as by the
protocols set out by the Environmental Health and Safety of the University of Alberta and work

Hazardous Materials Information System (WHMIS).

2.1.1 Chemicals, Reagents and other Materials:

Acrylamide (Invitrogen 15512-023), Ammonium persulfate (APS) (Biorad 161-0700),
Aprotonin (Fisher BioReagents BP2503-10), B mercaptoethanol (Sigma Aldrich M6250), DMEM
medium (Fisher Scientific 11965-092), Dextran sulphate (DSS) (36 000-50 000 MW: MP
Biomedicals 160110), DMSO (Dimethylsulfoxide) (Fisher Scientific BP2311), Ethanol
(Commercial Alcohols PO16EAAN), Enhanced Chemiluminescence (ECL) (Homemade),
Ethylenediaminetetraacetic acid (EDTA) (Millipore EX0539-1), Ethylene glycol tetra acetic acid
(EGTA) (Calbiochem 324626), Glycine (Fisher BioReagents BP3815), Glycerol (Anachemia
43567-360), Hydrochloric acid (Fisher Chemical A144C-212), MDP (Sigma A9519), Methanol
(Fisher Chemical A452), Polyvinylidene Fluoride PVDF membrane (Millipore)
, PEI (Polysciences, USA 23966-1), PMSF (Thermo Scientific/ Pierce 36978), Protein G
Sepharose (GE Healthcare), Sodium dodecyle sulphate (SDS) (BioRad 161-0302), Tris
(Invitrogen 15504-020), Trypsin (Fisher Scientific 27250-018), T-PER (Thermo Scientific/ Pierce
78510),Tween 20 (Fisher Bioreagents Whatman Chromatography paper Fisher Scientific BP337)

and Z-fix (Anatech 170).

2.1.2 Buffers:
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4x separating buffer (1.5M Tris, pH 8.7 and 0.4% SDS), 4x stacking buffer (0.5M Tris, pH
6.8 and 0.4% SDS), 4x SDS-Page loading Buffer For 50mL (13ml Glycerol, 2.5g SDS, 8.7mL
of IM Tris/HCL pH 6.8 and 10mg Bromophenol blue), 10x SDS running buffer (For 1L: 30.2g
Tris, 144g Glycine and 10g SDS), SB lysis buffer (50 mM HEPES (pH 7.5), 150 mM NacCl, 1
mM MgCl2, 1.5 mM EDTA, 0.5% Triton X-100, 20 mM B-glycerolphosphate, 100 mM NaF
and 0.1 mM PMSF), Ix wet transfer buffer (For 4L: 12g Tris, 57.6g Glycine, and 800mL
methanol and then bring to volume with water), semidry transfer buffer (S0mM Tris, 380mM
Glycine, 0.1% SDS and 20% methanol), phosphate Buffered saline (PBS) (137mM NacCl,
2.7mM KCL, 4.3mM Na:HPOs, 1.4mM KH2PO4 and pH 7.4) and stripping buffer (52mm Tris

pH 6.8 and 2% SDS)

2.2 Antibodies:
2.2.1 Primary antibodies:

Mouse anti-HA (in-house produced, 2ug/ul), Rabbit anti -NOD2 (Santa Cruz sc-30199,
200 pg/ml), Rabbit anti-RIPK2 (Santa Cruz sc-22763, 200 pg/ml), Rabbit anti-pY 474 RIPK2
(125) (In-house made, 3ug/ul), Rabbit anti-p62 (Enzo scientific BML-PW9860-0100, 2ug/ul),
Anti-Human PCNA (Caltag Laboratories- PC10, 100 pg/ml), Mouse anti-Ubiquitin (Santa Cruz
sc-8015, 200 pg/ml), Rabbit anti-ERK1 (Santa Cruz sc-93, 200 pg/ml) and Rabbit anti-ERK?2

(Santa Cruz sc-154, 200 pg/ml)

2.2.2  Secondary antibodies:

Anti-mouse IgG Horseradish Peroxidase-Linked Whole antibody (dilution 1:10000, GE
Healthcare UK) and Anti-Rabbit IgG Horseradish Peroxidase-Linked Whole antibody (dilution

1:10000, GE Healthcare UK).
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2.3  Drugs:
3-Methyladenine (3-MA): Purchased from Santa Cruz (sc-205596) and autophagy
inhibitor, 3-MA was dissolved in sterile water to prepare a stock solution (3mg/ml). RIPK2
inhibitor-1 was purchased from MolPort (MolPort-016-359-762) and dissolved in 100%

DMSO to prepare a stock solution (30mg/ml).

2.4 Cell line:

HCT116 (human colon cancer cells) were obtained from Dr. Bert Vogelstein and
maintained in RPMI medium respectively plus 10% bovine growth serum (BGS) and incubated in
a 37°C with a 5% containing CO2 incubator. Transfections were carried out using the linear 25
kDa polymer, polyethyleneimine (PEI) obtained from Polysciences, USA (Catalog #23966-2). PEI
transfections were carried out by mixing PEI/DNA in a ratio of 4ul PEI/1 ug DNA ¢%,

2.5 Mice:

All animal experiments/husbandry have been approved and follow the guidelines of the
Canadian Animal Care and Use Committee and the animal ethics board at the University of Alberta
(permit numbers # AUP 219 and AUP 218). Wild-type, Rassfla*~ and Rassfla’~ were (10-14
weeks old) on the C57BL/6 background ?. Rassfla™ and Rassfla’~ were generated by Dr.
Shairaz Baksh using the Cre recombinase (Cre)/loxP system. Rassfla”> NOD2”~ and NOD2”" on
the C57BL/6-129 and B6.129S1 background respectively. 71107~ mice were (less than 12 weeks
old) on the 129S1/SvimJ background and were obtained from Madsen Lab, University of Alberta

or purchased from Jackson laboratories.

2.6  Methods:

2.6.1 Innate immunity analysis:
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Animals were administered 3% w/v DSS (#160110, the molecular weight of 36000-50000,
MP Biomedicals) in the drinking water for seven days followed by recovery for seven days. They
were monitored for: piloerection, bloatedness, tremors, lack of movement, rectal bleeding and
weight loss (all on a scale of 0-5 with 5 being very severe) ?%Y. Animals were euthanized once
rectal bleeding became grossly apparent. For weight loss, a score of 0 for no weight loss, 1 if, 5%
loss, 2 for 5— 10% loss, 3 for 10 — 15% loss, 4 for 15 — 20% loss and a score of 5 for < 25% loss.
Disease activity indices (DAI) were the sum of all individual scores ¥?. All animals were 10 — 12
weeks of age or 25 g in body weight were administrated with 3%DSS at the beginning of the

experiment.

2.6.2 Isolation of bone marrow-derived macrophages:

Mice were euthanized by CO2 asphyxiation and sprayed down with 70% ethanol before
dissection. Femurs were dissected out transferred to a sterile petri dish containing DMEM media
with 10% bovine growth serum (BGS). BMDM were flushed from femurs in DMEM media and
the resulting cell suspension filtered through a 4 pm cell strainer before centrifugation at 16 000 g
for 5 min. After pouring off the supernatant, the pellets were washed in 1 mL of sterile PBS, and
transferred to a 1.5 mL eppendorf tube before final centrifugation at max speed for 1 min to pellet

cells. Supernatant was removed and the dry pellet was stored at -80°C for future use

2.6.3 Cardiac puncture and collection of serum samples:

Cardiac puncture was used to obtain whole blood samples from mice at the time of harvest
as a terminal procedure according to the SOP SB005 and standard practice. Collected whole blood

was placed immediately into a 1.5 mL microtube on the ice and allowed to coagulate for 1.5 hours.
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Samples were then spun in a 4°C microcentrifuge at 16 000g for 10 min. Cleared serum supernatant

was collected and stored at -80°C for cytokine analysis.

2.6.4 Tissue Isolation Procedures:

Tissue samples collected were for molecular analysis. Samples intended for nucleic acid
analyses were immediately submerged in RNA-later post excision and allowed to incubate at 4°C
for 24 hours to fully permeate the tissues. At this point samples were removed from RNA-later
and stored at -80°C until use. RNA was isolated from colon tissue using the Qiagen All Prep
DNA/RNA spin column nucleic acid extraction kit (Qiagen 80204) according to the manufacturer's
directions. Nucleic acid concentration was determined using the Thermo Scientific Nanodrop.
Colon samples intended for molecular protein analysis were excised from the mouse, flushed with
1X PBS to remove fecal matter, and immediately submerged in 1 mL ice-cold RIPA buffer with
fresh 0.1% aprotinin (Fisher BioReagents BP2503-10), 0.2% phenylmethylsulfonyl fluoride
(PMSF) (Thermo Scientific/ Pierce 36978), 0.1% sodium pyrophosphate (NasO7P2), 1% sodium
orthovanadate (Na3VOs) (Calbiochem 56740), and 0.2% SL protease inhibitor cocktail in a 2 mL
eppendorftube . Samples were then homogenized using a Fisher PowerGen handheld homogenizer
and centrifuged at 4°C at max speed for 10 min. The soluble protein supernatant was collected and

stored at -80°C until use. Protein concentration was determined using a Bradford protein assay.

2.6.5 Crypt cell isolation:

Colons were flushed with cold 1x PBS, cut open longitudinally and then soaked in 1X PBS
with gentle shaking for 20 minutes. The colons were cut into small pieces and incubated with

0.04% sodium hypochlorite for 30 min with gentle shaking, followed by incubation at room
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temperature for 30 minutes in a solution containing 1X PBS/I mM EGTA/I mM EDTA with
shaking. Cells were then dislodged by pipetting the tissue up and down using a 25 mL serological
pipette until the solution became cloudy. The supernatant was removed (containing the crypt cells)

and centrifuged at 3000 rpm for 10 minutes to collect the crypt cells followed by nuclear extraction.

2.6.6 Preparation of nuclear extracts:

Nuclear extracts were obtained from crypt cell and BMDM pellets using the NE-PER
nuclear and cytoplasmic fraction kit from Pierce Scientific according to the manufacturer's
directions. Purity of the resulting nuclear and cytoplasmic fractions was confirmed using Western
blotting for B-tubulin (Sigma-Aldrich T5201, 1:1000 IB ) and lamin B (Invitrogen 33-2000, 1:500
IB), with the cytoplasmic fraction expected to have tubulin and no lamin B, and the nuclear fraction
expected to have plentiful lamin B and little to no tubulin. Fractions were stored in 1.5 mL

eppendorf tubes at -80°C until use.

2.6.7 Tissue histology and immunohistochemistry:

Tissue Histology: Colon samples were isolated, fixed in Z-fix (Anatech 170) and paraffin-
embedded. All inflammation scores were obtained utilizing blinded scoring by a gastrointestinal
pathologist (Dr. Aducio Thiesen) based on infiltration of enterocytes, neutrophils, lamina propria

cellularity, crypt structure and epithelial hyperplasia (scored as 0-2 where 2=maximal injury) %,

Immunohistochemistry. Immunohistochemistry and hematoxylin and eosin (H&E)

staining were carried out using standard techniques. Formalin-fixed, paraffin-embedded sections
were de-paraffinized and re-hydrated. Antigen retrieval was done by boiling in sodium citrate

(Fisher Chemical S279) buffer. Endogenous peroxidase activity was quenched with 3% H20s..
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Sections were blocked in 2% BSA + 2% donkey serum for one hour at room temperature and
incubated in primary antibody as indicated overnight at 4°C. Sections were incubated in 1:500
biotinylated secondary antibody for 1 hour at room temperature and signal amplification and
detection was done using the VECTASTAIN Elite ABC Kit (Vector Laboratories PK-6100) and
the Metal Enhanced DAB Substrate Kit (Thermo Scientific/ Pierce 34065). Counterstaining was

done using Harris' modified hematoxylin.

2.6.8 Immunoblotting:

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to
separate proteins from protein samples using standard techniques *?. Proteins were transferred to
methanol activated polyvinyl difluoride (PVDF) membrane using a wet transfer for large proteins
(100 V for 1.5 hours) and semi-dry transfer for proteins smaller than 37 kDa (460 mA for 2 hours)
80 'Where fold changes are indicated, all samples have first been normalized to their respective
ERK1/2 (Santa Cruz Biotechnology, sc-93 and sc-154) loading controls, and then fold changes
calculated as compared to baseline wild-type animals. Anti-HA (1:500, in-house produced), Anti
-NOD2 (1:200, Santa Cruz, sc-3019), Anti-ATG16L1 (1:1000, Cell signaling, D6D5), Anti-
RIPK2 (1: 1000, Santa Cruz, sc-22763), Anti-p62 (1:1000, Enzo scientific, BML-PW9860-0100),
Anti-pY474 RIPK2 (1:1000, in-house produced) and Anti-pS176 RIPK2 (1:500, Cell Signaling,

143978S).

2.6.9 Enzyme-linked immunosorbent assay (ELISA):
Mouse Cytokine Array/Chemokine Array 32-Plex Panel (Eve Technologies, Calgary, AB).
The multiplexing technology used by Eve technology is based on color-coded polystyrene beads.

The beads are created by using a different concentration of red and infrared fluorophore dyes to
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create sets of colored beads. These beads are combined into one well and each bead is coupled
with a specific antibody for a specific protein. When the samples have added the proteins of interest
will bind to its antibody forming a plex. A biotinylated secondary antibody conjugated with
streptavidin-phycoerythrin are added to the mixture, and the mixtures are then analyzed by bead
analyzer containing dual-laser system and a flow-cytometry system. The amount of conjugate
detected by the analyzer is proportional to the amount of analyst. The results are quantified

according to a standard curve.

2.6.10 NFxB electromobility shift assay (EMSA):

Briefly, duplex DNA specific for the NFxB binding site was end-labeled with [y-**P] ATP
by using T4 polynucleotide kinase, purified using a G-50 Sephadex column (Roche) and allowed
to associate with 4 ug of the nuclear extracts containing NF«xB for 30 min at room temperature.
The oligonucleotide was AAATGTGGGATTTTCCCATGA for crypt cell NFkB analysis (the
NF«B binding site from the IL-6 promoter) and TCAGAGGGGACTTTCCGAGAGG for BMDM
NF«B analysis (the NFkB binding site from the IL-8 promoter). DNA/protein complexes were
then separated by non-denaturing gel electrophoresis, dried onto Whatman filter paper and
autoradiographed. Nuclear extracts were prepared using NE-PER (ThermoFisher Scientific) as per
manufacturer's instructions). Binding buffer was 100 mM Tris-HCI pH 6.5, 500 mM KCI, 1.2 mM
EDTA, 12 mM DTT, 20% glycerol and 1 pg Salmon Sperm DNA. The purity of fractions was

confirmed with anti-B-tubulin (cytosolic fraction) or anti-lamin B (nuclear fraction) %Y.

2.6.11 NF«B Gene Reporter Luciferase Assay:
Dual-Luciferase Reporter Assay System (DLR assay system, Promega, E1910) was used

to perform dual-reporter assays on NFkB Luciferase and Renilla Luciferase (internal control).
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Briefly, cells were equally seeded at a density of 3 x 104 in 6-well plates and allowed to attach for
24 hrs. Before transfection, cells were washed with serum-free media three times. Dual
transfection was carried out using PEI adding 3 ug of NF«B Luciferase construct and 60 ng of
Renilla Luciferase construct. After 24hr transfection, cells were treated with the different drugs
for 24-36 hrs. Cells were then lysed using the passive lysis buffer provided by the kit for 30 mins
on ice.
The lysate was spun down for 8 minutes at 10,000 rpm, and 20 ul of cell lysate were transferred to
96-well plate. Luciferase assays were analyzed based on the ratio of Firefly/Renilla to normalize
cell number and transfection efficiency.
2.7  Statistics:

Statistical analyses were performed using one-way or two-way ANOVA with Tukey or
Bonferroni post-hoc tests respectively, or Students t-test (two-tailed), as indicated using the
GraphPad Prism 5 software. The error bars represent SD and the significance are represented in

the legends means (ns) P > 0.05, (*) P <0.05, (**) P <0.01 and (***) P <0.001.
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3 Chapter Three - Genetic loss of NOD2 protects Rassfla”- mice from DSS-induced acute

Inflammation Injury
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3.1 Rationale:

In the publication of Gordon et al., (2013), it was demonstrated that RASSF1A could
associate with Toll-like receptors (TLR), a pathogen recognition receptor, to restrict nuclear factor-
kB (NFkB) activation. The association of RASSF1A with TLRs supports the importance of
RASSFI1A in modulating inflammation and thus the loss of RASSF1A showed abnormal
stimulation of NFkB with subsequent inflammation. As previously mentioned RassfIa”~ mice upon
DSS administration mimicked clinical symptoms similar to human colitis including increased
intestinal permeability, enhanced cytokine/chemokine production, elevated NF«B activity, severe
colonic epithelial cell injury and less than 20% survival were observed in these mice.

Furthermore, changes in p62 expression level were observed in Rassfla” with DSS when
compared to wild-type. Since p62 acts as a selective autophagy receptor for ubiquitinated protein
aggregation and ATG16L1 regulates p62 level via autolysosomal pathways. It expected that NOD2
might have a role in mediating inflammation in Rassfla”" since NOD2 and ATG16L1 physically
associate with each other for bacterial clearance upon pathogen invasion in the cells. The
association of RASSSF1A with NOD2 may play a role in restricting NOD2 signaling pathway
leading to both autophagy and NF«kB activation reduction. To test the first objective if NOD2 is

the gene responsible for inducing inflammation in RASSF1A knockout mice.

3.2 Results:

3.2.1 Rassfla’"Nod2”- mice showed improve survival against DSS

To test if NOD?2 is inducing inflammation in the absences of RASSF1A. Rassfla”’-Nod2”"
and Nod2”~ mice were administrated with 3% DSS in drinking water for seven days followed by
fresh water for recovery for another seven days. Mice were monitored for signs of colitis including
weight loss, rectal bleeding, piloerection, bloatedness, hunching, movement, tremors and stool
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consistency. The phenotypic characteristics were assigned a score of 0—5 with five being very
severe and animals were euthanized once rectal bleeding became grossly apparent. Interestingly,
both Rassfla’"Nod2”~ and Nod2”~ mice demonstrated improved survival rate (Figure 11 A) and
reduced disease activity index when compared to DSS treated Rassfla” mice (Figure. 11 B). This
demonstrates that NOD?2 is inducing inflammation in RassfIa”~ mice upon DSS administration and

the loss of NOD2 induced recovery and survival in these mice.

3.2.2 The loss of NOD2 showed protection against DSS induced inflammation:

Does the loss of NOD2 protect RASSF1A knockout mice for DSS induce inflammation?
We answered that by investigating the inflammation outcome of these genotypes upon DSS
administration, on day eight the mice were euthanized and both blood and colon sections were
harvested for analysis. Rassfla’"Nod2”~ and Nod2”- showed low histopathological score (Figure
12 A), retain of tissue architecture (Figure 12 B) and high neutrophil activity (Figure 12 C) when
compared to Rassfla’ mice treated with DSS. Both Rassfla’"Nod2” and Nod2” showed low
cytokine production (Figure 12 E) and increased crypt cells proliferation indication of recovery
(Figure 12 D). Indicating that the loss of NOD2 in RASSF1A knockout mice showed reduce
inflammation and induce recovery. We then wanted to analyze p62 in these mice genotypes since

we already found alteration in p62 expression level in Rassfla”- mice when compared to WT.

3.2.3 p62 expression level analysis in colon lysates

p62 protein serves to link ubiquitinated proteins to the autophagic machinery for
degradation by lysosomes and p62 gets degraded by autophagic signaling ?%?. p62 is considered

as a marker to study autophagy regulation since the accumulation of p62 occurs when autophagy
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is inhibited. Autophagic flux term indicates, autophagosome formation, a fusion of the
autophagosome with lysosome and degradation of autophagic substrates inside the lysosome.
Some studies consider p62 as a reliable indicator to investigate autophagic regulation ?”. Colon
lysates from DSS treated mice were harvested for autophagy biomarker analysis using
immunoblotting. DSS-treated Rassfla - mice revealed decreased levels of p62 when compared
with Nod2”~ and Rassfla’Nod2” treated with DSS, indicating the increase in the autophagic
signaling in Rassfla * (Figure 13 A-B). Nod2” mice showed accumulation of p62 meaning that
autophagy is downregulated, but for Rassfla’"Nod2”~ mice, they showed a slight reduction in

autophagy due to the loss of RASSF1A showing its role in regulating autophagy.

3.3 Conclusion:

These results indicate a robust role for the NOD2/RIPK2 pathway in promoting
inflammation injury in responsive to DSS in the Rassfla” mice and the loss of NOD2 in mice
showed a protective effect against inflammation upon DSS administration when compared to
Rassfla™”. Indicating that inflammation might be regulated by NOD2 activity in the absences of
RASSF1A leading to poor survival and recovery in Rassfla”’- mice when compared to Rassfla”
Nod2”- and Nod2” . Since autophagy is regulated upon NOD2 activation, the loss of NOD2 in
both Rassfla’"Nod2”- and Nod2”- mice showed accumulation of p62 when compared to Rassfla”
mice. But Rassfla”’"Nod2”~ when compared to Nod2”- showed low p62 expression level indicating
that a different pathway is regulating p62 rather than RASSF1A and NOD2. RASSFIA showed to
be important in regulating NOD2 induced activation as it is observed when comparing the DSS
outcome of WT, Nod2”- and Rassfla”’~ mice. Further experiments need to be done to confirm
autophagy regulation in these mice genotypes and these experiments will be discussed in the future

experiments section.
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Figure 11: Rassfla’"Nod2”- mice showed improve survival against DSS. Mice were subjected to
3% DSS solution followed by day seven replacements with regular water to allow for recovery.
(A) A Kaplan-Meier curve is monitoring % survival following DSS treatment. n =14-43. p-value
is <0.0001 WT vs. Rassfla’" and Rassfla™ vs Nod2” and Rassfla’"Nod2” p-value = 0.0053 (**)
(Data provided by Mohammed El-Kalla and panel A figure prepared by D. Shairaz Baksh). (B)

Disease activity index (DAI) of these mice were monitored following DSS treatment. P value
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Figure 12: The loss of Nod2 showed protection against DSS induced inflammation. (A) Tissue
MPO activity as determined by ELISA. P value are 0.0037 (**), 0.0003 (***) and <0.0001 (***).
n=4-17. (B) The longitudinal cross-section of the descending colon stained with H&E and figures
of the section was taken using an AxioCam ERc 5s camera at X400 magnification (Zeiss AX10
Observer.Z1 inverted microscope; Carl Zeiss Canada Ltd., Toronto, ON, Canada). (C) Tissue
MPO activity as determined by ELISA. P value are 0.0037 (**), 0.0003 (***) and <0.0001 (***).
n=4-17. (D) PCNA staining was measured for these genotypes that were observed. P value <0.0001
(***),n=6-22. (E) Blood serum of the treated animals was analyzed for cytokine production using
ELISA. P value for //-6 are 0.0002 (**%*), 0.0025 (**) and 0.0044 (**). n=3-5. P value for KC are

0.0002 (***) and 0.0019 (**). n=3-5. P value for //10 are 0.0017, 0.0022 and 0.0030 (**). n=4-7.

65



A p62 expression level - wt
. Bl Tat/-
S s ” B nod2-/-
2 '|_ E 1a-/-nod2-/-
E 2.0+ [xs . 'D::'
é 1.5 T ﬁ
_
2 e
E .0- T T .:'l': T
D - + + +
B - - 3%DSS
R woswee |/t
e a1 54/~
+ + 39%DSS
— wt
Ta+/-
S | nod2-/-
“ s | 1a-/-nod2-/-
| cRrRK1/2

Figure 13: p62 expression level analysis in colon lysates. (A) p62 expression level was measured

from the following colon lysates through using p62 antibody following the proper concentration.

P values are 0.0022 (**), 0.0046 (**) and 0.0137 (*). n= 3-5. (B) Analysis for p62 protein

expression level following in vivo DSS insult in colon lysate.
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4 Chapter Four-RASSF1A regulates NOD?2 signaling pathway
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4.1 Rationale:

NOD?2 is a pathogen recognition receptor found in the cytoplasm and required to respond
to the certain bacterial invasion. Upon NOD?2 activation with its specific ligand, muramyl dipeptide
(MDP) downstream receptor-interacting serine-threonine kinase 2 (RIPK2) gets recruited and both
ATGI16LI (to drive autophagy) and NF-kB gets promoted % /3% RIPK2 is a crucial protein to

NOD?2 activation, and RIPK2 deficient showed no response to NOD2 ligand (/4.

Previously we demonstrated robust associations of RASSFI1A with TLR2 and TLR4
resulting in inhibition of cytokine production in LPS stimulated colon cancer cultured cells
overexpressing RASSF1A % RASSF1A association with these complexes function to restrict
TLR driven activation of NFxB signaling ®”. We also observed that upon losing NOD2 in Rassfla
~mice the inflammation outcome of DSS treated mice was almost similar to the outcome observed
in Nod2”- and WT when compared to Rassfla”- mice. Therefore, we decided to explore the ability
of RASSF1A to physically associate with NOD?2 and restrict the association of RIPK2 with NOD2
and inhibit activation of NF-xB and /or autophagy after stimulation with MDP. We also wanted to
investigate which domain in RASSF1A is necessary for the NOD2 association and the NFxB

activity outcome for such association.

4.2  Results:
4.2.1 RASSFI1A can physically associate with NOD2 and restrict RIPK2 association with

NOD2

To test if RASSFI1A physically associate with NOD2 and restrict RIPK2
association with NOD2. We used HCT116 cells which were transfected with/without HA-

RASSF1A and were stimulated with MDP (0, 1, 3 and 5 hrs). HCT116 cells do have both NOD2
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and RIPK2 endogenously expressed. The cells were harvested, lysed, immunoprecipitated with
anti-NOD?2 antibody and immunoblotted for NOD2 and RIPK2. Similar to TLR association, we
demonstrated RASSF1A association with NOD2 robustly upon MDP addition (Figure 14 A). We
also demonstrated that RASSF1A could interfere with the association of RIPK2 with NOD2,
suggesting that RASSF1A can negatively regulate NOD2 pathway after stimulation with MDP to
inhibit RIPK2 recruitment to NOD2 (Figure 14 B). We speculate that upon DSS treatment the lack
of RASSF1A in mice resulted in uncontrolled activation of a NOD?2 signaling pathway that might

be detrimental to epithelial repair and recovery.

422 RASSFI1A restricts ATG16L1 association with NOD2

We observed a physical association of RASSF1A with NOD2 and restriction of RIPK2
association with NOD2 in the presences of RASSFIA. Our next question was: does RASSF1A
also restrict an ATG16L1 association with NOD2. HCT116 cells were transfected with/without
HA-RASSF1A4 and were stimulated with MDP (0, 1, 3 and 5 hrs). The cells were harvested, lysed,
immunoprecipitated with anti-NOD2 antibody and immunoblotted for ATG16L1. RASSFIA was
found to restrict ATG16L1 association with NOD2 upon MDP stimulation. This suggests that the
role of RASSF1A in downregulating NOD?2 activation by restricting the association of ATG16L1

with NOD2 (Figure 15).

4.2.3  Effect of RASSFIA deletion/mutations on NOD2 Signaling and NF«xB Activation

As mentioned previously RASSF1A is tumor suppressor protein having three different
domains. These domains are important in mimicking RASSF1A function which are RA, SARAH

and zinc finger domain. We asked ourselves which domain in RASSFIA is important for
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RASSF1A association with NOD2. HCT116 cells were transfected with different deletions and
polymorphic mutants of RASSF1A’s domain linked to an HA tag. The cells were harvested, lysed,
immunoprecipitated with anti-NOD2 antibody and immunoblotted for HA. We observed the
importance of the zinc finger domain and Ras-binding domain mutants for association with NOD2
upon MDP stimulation. We also asked ourselves if these deletions and polymorphism are
important not only for association with NOD2 but also for regulating NFkB. Using a dual
luciferase system where the firefly luciferase construct is under the control of the NFkB binding
site of the IL-6 promoter and the Renilla Luciferase as an internal control; some of these
truncations and polymorphic mutants showed effectiveness in regulating NF«B activity when
RASSF1A losses its association with NOD2 (Figure 16 A-B). This suggests that the zinc finger
and Ras domain are not only critical for RASSF1A/NOD?2 association but also for downregulating

the downstream signaling pathway of NOD2 which is NFkB activity.

4.3  Conclusion:

These results support the role of RASSFIA in restricting NOD2 signaling pathway has
previously been shown that upon the loss of RASSF1A in knockout mice NOD?2 is responsible for
induced inflammation and poor recovery for these mice upon DSS administration. Here we prove
that RASSF1A physically associate with NOD2 upon biological response especially with MDP
and RASSF1A restrict the association of RIPK2 to NOD2. RIPK2 is a major protein in the NOD2
downstream signaling pathway, and upon RIPK2 activation NF«B gets activated. We observed by
using NF«kB luciferase activity assay the overexpression of RASSFIA in HCT116 downregulated
NF«B activity and that supports the outcome of RASSF1A regulating NOD2 signaling pathway.
We also found that RASSFI1A regulates another downstream signaling pathway of the NOD2

signaling pathway, which is autophagy by restricting ATG16L1 association -with NOD2. Finally,

70



we wanted to know which domain is important in facilitating RASSF1A association with NOD2
and by using different truncation and polymorphisms of RASSF1A domain we realized that the
zinc finger domain and Ras-binding domain mutants are important for RASSF1A association with
NOD2. These truncations and polymorphism not only proved their importance for RASSF1A
association with NOD2 but also they confirmed our hypothesis of RASSF1A regulating NOD2

signaling pathway by analyzing NF«kB activity which is a biomarker for NOD2 activity.
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Figure 14: RASSFIA can physically associate with NOD2 and restrict RIPK2 association with
NOD?2. (A) HCT116 cells were transiently transfected with HA-RASSF1A and stimulated with
MDP in different time course. The cells were then lysed with RIPA buffer and immunoprecipitated
against NOD2 and blotted against HA (Data courtesy of Shairaz Baksh). (B) HCT116 cells were
overexpressed with HA-RASSF1A. The lysates were immunoprecipitated by RIPK2 and blotted

against HA and RIPK2 (Data courtesy of Shairaz Baksh).
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Figure 15: RASSFI1A restricts ATG16L1 association with NOD2. HCT116 cells overexpressed
with HA-RASSF1A and the lysates were immunoprecipitated by NOD2 and blotted against HA,

NOD2 and ATG16L1 (Data courtesy of Shairaz Baksh).
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Figure 16: Different mutations and truncations of RASSFIA showed regulation of NOD2
signaling pathway. (A-B) HCT116 is overexpressed with 3pg of RASSFIA constructs and
stimulated with MDP for 3hr. Cells were lysed by scraping into 1 ml of 1 X PBS, combined, and
lysed in 800 pl of RIPA buffer. The lysates were then immunoprecipitated with 1.2 pg with NOD2
and then blotted against HA. The right panel NF«B activity of the different truncations of Rassfla

and deletions were measured by using NF«kB luciferase assay (Worked done by Mohammed Salla).
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5  Chapter Five-Inhibition of autophagic signaling protects Rassfla”- mice from DSS-induced

acute inflammation injury
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5.1 Rationale:

Autophagy is a normal process in the body that deals with destruction of cells in the body.
It maintains homeostasis or normal functioning by protein degradation and turnover of the
destroyed cell organelles for new cell formation. Many genes that have either genetic or functional
links to autophagy is associated with IBD including NOD2 and ATG16L1 /%%, Previously we
showed in the absence of RASSF1A p62 expression was downregulated and in-vitro study showed
that the presences of RASSF1A restricted the association of ATG16L1 with NOD2. Interestingly,
both Rassfla” Nod2”~and Nod2”~ mice showed resistant to DSS induced inflammation, suggesting
that the damage from DSS might be through the active NOD2 signaling. We demonstrated that
RASSF1A forms a robust association with NOD2 upon MDP stimulation in colon cancer cell line
(HCT116), indicating that RASSF1A negatively regulate NOD2 signaling and downregulating
both inflammation and autophagy upon MDP stimulation. These data suggest that upon DSS
administration, NOD2 activation is induced leading to autophagy regulation in Rassfla”~ mice.

In this chapter we will explore the potential effect of autophagy inhibitors, 3-methyladenine
(3-MA) on DSS-treated mice to inhibit the autophagic response that might be detrimental to
epithelial repair and healing after inflammation-induced injury. Autophagy inhibitor, 3-MA
inhibits early stages of autophagic cascades via inhibition of type III Phosphatidylinositol 3-
kinases (PI-3K) % 209 We speculate that the pharmacological inhibition of the autophagic
response could be a novel therapeutic approach to enhance recovery from inflammation-induced
injury and be useful in treating and saving IBD patients from increased risk of getting cancer later

in life.
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5.2 Results:
5.2.1 Autophagy inhibitor 3-MA showed improve survival of Rassf1a”~ upon DSS

administration

To answer the question that the pharmacological inhibition of the autophagic response
could be a novel therapeutic approach to enhance recovery from inflammation-induced injury.
Rassfla™” mice (10-14 weeks old) were administrated 3% DSS in drinking water for seven days
followed by fresh water for recovery for another seven days. Autophagy inhibitor, 3-MA (20 ug/g
body weight) was injected by intraperitoneal injections on day 3 and 6. Interestingly, the anti-
autophagy drug, 3-MA significantly increased the survival rate of DSS-treated Rassfla™ mice to
>70% when compared with Rassfla™- mice on DSS which have survival rate about 25% (Figure
17 A). Also, there was a significant decrease in disease activity index indicating that recovery from
inflammation symptoms was induced due to the use of 3-MA (Figure 17 B). Therefore, inhibiting
the damaging effects caused by autophagy in Rassfla” mice using 3-MA showed significant

protection from DSS insult.

5.2.2 3-MA protected Rassfla”- from DSS induced inflammation

To confirm if 3-MA showed significant protection from DSS insult, after treating
Rassfla™- with autophagic inhibitor 3-MA upon DSS administration. These mice were euthanized
and both blood and colon were harvested for analyzing the inflammation outcome. We observed
retain of tissue structure in the descending tissue sections indicating active repair in the presence
(Figure 18 A) as well as increased colon length (Figure 18 B), reduced histopathological score
(Figure 18 C), reduced neutrophil activity by measuring myeloperoxidase (MPO) activity (Figure

18 D) and robust inhibition of cytokine production (Figure 18 E) when compared to Rassfla™”
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mice treated with DSS. Indicating that inhibiting autophagy by using 3-MA protected RASSFI1A
knockout mice from DSS induce inflammation and 3-MA retained recovery for these mice from

the aggressive inflammation caused by DSS.

5.2.3 Analysis of autophagic biomarker in colon lysates of 3-MA-treated mice

Using autophagy inhibitor 3-MA on RASSF1A knockout is the key to improving survival
and recovery of this genotype from DSS induce inflammation. That means induce autophagy may
be a factor on the poor survival for these genotypes. Using colon lysates of 3-MA-treated mice
were blotted with p62. DSS-treated Rassfla™" mice with 3-MA revealed elevated levels of p62,
indicating that autophagy inhibitor can decrease the autophagic activity in DSS-treated RASSF1A
knockout mice (Figure 19 A-B). This result suggests that the loss of RASSF1A in Rassfla™" mice,
lead to increase in the autophagic response under acute inflammation condition. As mentioned
before, we speculate that under DSS treatment, Rassfla™ mice will lead to uncontrolled
autophagic response via NOD2 that might be detrimental to epithelial repair and healing. All these
data confirms that NOD2 has a critical role in inducing uncontrolled autophagy in RASSF1A
knockout mice leading to induce inflammation and poor recovery. The use of 3-MA, autophagy
inhibitor, improved the survival and reduce inflammation symptoms on these mice and that is due

to 3-MA downregulation both autophagy and RIPK?2 activation.

5.2.4 3-MA showed protection on i//(”" mice treated with DSS

Autophagy inhibitor, 3-MA protected DSS-treated Rassfla*" mice from damaging effects
caused by the increased autophagic response therefore, we decided to explore the effectiveness of

inhibiting autophagy using 3-MA in DSS-treated //10" mice. 110" mice were given 3% DSS in
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drinking water for seven days followed by fresh water for recovery for another seven days during
this time 3-MA was injected intraperitoneally on day 4 and 7. We speculated that inhibiting the
autophagic response as early as day three might be detrimental to DSS-treated i//(0”" mice as their
autophagic response is regulated due to the presence of RASSF1A. Also, the clinical onset of the
disease is delayed 1-2 days in DSS-treated /110”7 mice when compared to DSS-treated Rassfla*”
knockout mice. For these reasons, 11107 mice were treated with 3-MA on day 4 and day 6. /10"
mice are very sensitive to DSS, and they have to be euthanized between day seven and day ten due
to massive rectal bleeding and increased disease indices. Autophagy inhibitor, 3-MA protected
11107 mice from DSS induced inflammation showing a significant increase in survival rate up to
60 % (Figure 20 A) and decrease in disease severity (Figure 20 B). Descending tissue sections
showed active repair in the presence of 3-MA (Figure 20 C) reduced neutrophil activity (Figure
20 D) and robust inhibition of cytokine production (Figure 20 E) when compared to //10”- mice
treated with DSS. Autophagy inhibitor 3-MA proved its effectiveness in /707~ mice in improving
recovery when p62 expression level was measured in colon lysates for these genotypes (Figure 20
F). The data presented above, suggests that 3-MA reduced the damaging effects of DSS in 1/10”
mice by inhibiting the autophagic response that might be detrimental to epithelial repair and
healing. More investigations have to be done to analyze the autophagic response in /107 mice by
exploring levels of p62 (a marker of autophy) and LC3-II (a marker of autophagosome formation)
in colon lysates.
5.3 Conclusion:

Treatment with 3-MA resulted in low disease severity, reduced pro-inflammatory
cytokines production, increased colon length, low histopathological scoring and increased

epithelial cell proliferation in DSS-treated RassfIa"” mice. RASSF1A has a novel regulatory role
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during the recovery phase post inflammation-induced injury by restricting the NOD2 induced
autophagic response to inhibit inflammation and promote efficient epithelial repair. Inhibiting the
autophagic response reversed the damaging effects of DSS inflammation injury. /107" mice and
showed a significant increase in survival rate, decrease in disease severity, decrease in pro-
inflammatory cytokines production and increase in epithelial cells proliferation upon DSS
administration. Based on data presented in this chapter we suggest that the DSS damage in //-10"
mice might be due to active autophagic response, indicated that DSS treated 1/10 *~ mice were
protected from induced inflammation when the autophagic response is inhibited by 3-MA. DSS
treated //10”- mouse is an interesting mouse model for IBD drug study and pharmacological
inhibition of the autophagic response might be a novel therapeutic approach for IBD treatment and

so preventing patients from predisposing to cancer later in life.
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Figure 17: Autophagy inhibitor 3-MA showed improve survival of Rassfla-/- upon DSS
administration. (A) A Kaplan-Meier curve is monitoring % survival following DSS treatment. n =
23-28. p value for DSS-treated Rassfla™ mice (- /+ 3-MA) = 0.056 (B) Disease activity index

(DAJ) following DSS treatment. P value <0.0001 (***), n = 6-13 (Data courtesy of Yahya Fiteih).
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Figure 18: 3-MA protected RassfIa”~ from DSS induced inflammation. (A) The longitudinal cross-

section of the descending colon stained with H&E. (Data courtesy of Yahya Fiteih). (B) Colon

length for treated mice was measured. P value <0.0001 (***). n=10-20. (C) A pathologist blindly

measured inflammation scoring of colon sections. P value are <0.0001 and 0.0004 (***). n= 6-13.

(Data courtesy of Yahya Fiteih) (D) Tissue MPO activity as determined by ELISA. P value are
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0.0034 (**) and 0.0103 (*). n = 4-11. (E) Blood serum of the treated animals was analyzed for
cytokine production using color-coded polystyrene beads technology. P value for //-6 are 0.0020
(**) and 0.0246 (*). n=3-5. P value for KC are 0.0137 and 0.0375 (*). n=5. P value for MCP-1 are

0.0161 (*) and 0.0050 (**) n=4-6.
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lysates from treated mice blotted against p62 and expression level was quantified and normalized
to wild type. P value 0.0037 (**), 0.0139 (*). n= 3-5. (B) Analysis for p62 expression level

following in vivo DSS insult in colon lysate.
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Figure 20: 3-MA showed protection on /10" mice treated with DSS. (A) A Kaplan-Meier curve
is monitoring % survival following DSS treatment. n= 11-28. p value for DSS-treated ///(”" mice
(- /4 3-MA) = 0.049 (Data courtesy of Yahya Fiteih) (B) Disease activity index (DAI) of these
mice were monitored following DSS treatment. P value are <0.0001 (***) and 0.0017 (**). n=11-
28. (Data courtesy of Yahya Fiteih). (C) A representative picture of the colon from the indicated
genotypes treatments is shown. (Data Courtesy of Yahya Fiteih) (D) Tissue MPO activity as
determined by ELISA. P value are 0.0039 (**) and 0.0238 (*). n= 4-5. (E) Blood serum of the
treated animals was analyzed for cytokine production using color-coded polystyrene beads
technology. P value 0.0214 (*) and 0.0019 (**). n=3-5. (F) Colon lysates from treated mice blotted
against p62 and expression level was quantified and normalized to wild type. P value are 0.0412

(*) and 0.0215 (*) n= 3-5.
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6  Chapter Six-Inhibition of RIPK2 downstream signaling pathway of NOD2 showed

protection against inflammation.
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6.1 Rationale:

All the results so far suggested the importance of an active NOD2 signaling pathway in
driving DSS-induced inflammation injury in Rassfla”’~ mice. For NOD2 activation, RIPK2
activation is required to promote both NF«B activation and an autophagic response. Genetic
disruption of the Nod2/Ripk2 in mice, showed dysbiotic intestinal flora leading to intestinal
inflammation ?/? and the loss of RIPK2 resulted to the inability of cells to carry out mitophagy
leading to enhanced production of superoxide/reactive oxygen species by mitochondria and
accumulation of damaged mitochondria that will trigger a capase-11 dependent inflammasome
activation.®’! 22 For such reasons inhibiting RIPK2 may consider an alternate novel therapeutics
for the treatment of abnormal inflammation and autophagic states that is driven by the
NOD2/RIPK2 pathway.

Most RIPK?2 inhibitors do not to inhibit RIPK?2 as their primary target. Thus, inhibition of
RIPK2 is an off-target effect of these drugs such as Gefitinib and Regorafenib ?/%. Another RIPK2
inhibitor was isolated by GlaxoSmithKline which is GSK-583. GSK-583 found to bind to the ATP
binding pocket of the kinase domain and inhibit RIKP2 with an IC50 of (5 — 50 nM) ?/%, Recently,
two other RIPK2 inhibitors were identification to inhibit 92% of RIPK2 activity at 100 nM and
they were also able to inhibit alleviate inflammation in a rodent model for inflammatory bowel
disease these inhibitors are OD36 and OD38 /%, However, like most RIPK2 inhibitors these
molecules showed off-target inhibition of Fyn, TGFB2, ALK-2, and Lck. Using molecular
modeling and cheminformatics analyses, in collaboration with Dr. Carlos Velazquez Martinez,
two RIPK2 inhibitor molecules were identified utilizing c-ABL kinase inhibitor, ponatinib. That
was done by first looking at the crystal structure of RIPK2 and its association with ponatinib. Then

searching for structural matches to ponatinib that have lower free energies and more efficient in
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inhibiting RIPK?2 that was through the chemical database. Also, two more layers were added in
the search which was compounds that inhibited EGFR > 1000 nM and that had higher free energies
for docking with EGFR and c-ABL. Nothing appears to be known till now about these compounds,
but since RIPK2 is the downstream signaling pathway of NOD2 which is linked to NF«xB and
autophagy activation, we speculate that the in vivo use of our selective RIPK?2 inhibitors will target

this NOD2/RIPK2 non-canonical activation pathway for NFkB.

6.2 Results:
6.2.1 RIPK2 activity was highly elevated in RassfIa”" mice treated with DSS and in IBD

patients

Upon NOD?2 activation RIPK2 gets recruited and activated. Upon activation, RIPK2 gets
autophosphorylates in two different sites Ser176 and on Tyr474. Serine 176 phosphorylation is
essential for RIPK2 activity and tyrosine 474 phosphorylation as necessary for effective NOD2
signaling ?/%2!7_Our objective in this chapter is to monitor RIPK2 activity in RASSF1A treated
mice upon DSS administration. To test that our lab has designed a proprietary antibody used for
detecting phosphorylation of RIPK2 at tyrosine 474 site. The antibody specificity was tested in
vitro and in vivo. In vivo the antibody was tested by immunohistochemistry on colon sections
harvested from Rassfla”~ (Figure 21 A) and 1/10" (Figure 21 B) upon DSS administration. We
were able to detect elevated tyrosine phosphorylated RIPK2 in DSS-treated Rassfla” and 11107
mice suggesting hyperactivation of the NOD2/RIPK2 pathway in the ulcerative colitis model. We
started to investigate RIPK2 activity on colon sections harvested from Rassfla” mice treated with
3-MA using immunohistochemistry. We observed a reduction in RIPK2 activity upon treating
Rassfla’” mice with autophagy inhibitor 3-MA. These results support our hypothesis that the poor

survival and induced inflammation caused by DSS in Rassfla” is due to NOD2/RIPK2
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uncontrolled activation and RASSF1A is important in regulating NOD2/RIPK2 signaling
pathway. Our observation also supports that autophagy inhibitor 3-MA may consider a therapeutic
novel to downregulate NOD2/RIPK2 activation. We then wanted to monitor RIPK2 activity in
colon snips taken from IBD patients. The colon snips from IBD patients were tested against
phospho-Y474 RIPK2 antibody by immunohistochemistry. We observed that both CD and UC
showed induce the activity of RIPK2 when compared to colon snips take from control patients
(Figure 21 C). Indicating that targeting RIPK2 activity will be a novel therapeutic approach to treat

IBD and for such reason RIPK2 Inhibitor-1 was synthesized.

6.2.2 RIPK2 inhibitor showed improve survival for Rassfla” mice upon DSS administration

Upon administrating Rassfla”- mice with DSS, we realized an induction of RIPK2 activity,
and for such reason, we were interested in seeing the outcome of inhibiting RIPK2 in Rassfla”
colitis model. As previously mentioned with collaboration with Dr. Carlos Velazquez Martinez,
several RIPK2 inhibitors hits were identified. One of these inhibitors which are RIPK2 Inhibitor-
1 was tested in RassfIa”’- mice upon DSS administration. Rassfla"" mice (10-14 weeks old) were
given 3% DSS in drinking water for seven days followed by fresh water for recovery for another
seven days. Different concentrations of RIPK2 inhibitor-1 were tested and the concentration that
showed significant outcome was 1 pg/g body weight. RIPK2 inhibitor-1 (1 pg/g body weight) was
administrated by intraperitoneal injections on day 3 and 6. Interestingly, RIPK2 inhibitor-1
significantly increased the survival rate of DSS-treated Rassfla*” mice to >70% when compared
with Rassfla™ mice treated only with DSS which have survival rate about 25% (Figure 22 A).
Also, there was a significant decrease in disease severity for DSS-treated Rassf1a"™ mice upon

using RIPK?2 inhibitor-1 (Figure 22 B). This indicates that RIPK2 was an important driver of
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inflammation injury in DSS-treated RassfIa”~ mice and by inhibiting RIPK2 activity survival and

disease activity was recovered in Rassfla” mice.

6.2.3 Mice treated with RIPK?2 inhibitor showed reduced inflammation

Furthermore, to investigate the inflammation outcome of using RIPK?2 inhibitor-1on DSS
treated mice. The mice were administrated with DSS for seven days and in day seven the DSS was
replaced with water for one day for recovery during the seven days the mice were treated with
RIPK2 inhibitor-1 in day three and six by intraperitoneal injections. On day eight the mice were
euthanized and both blood and colon sections were harvested for these mice for inflammation
analysis. Reduction in histopathological score was detected in RassfIa”~ upon treating them with
RIPK2 inhibitor-1 when compared with Rassfla”~ (Figure 23 A). Significantly, RIPK2 inhibitor-1
treated mice showed low cytokine production an indication of low NF«kB activity (Figure 23 B).
We further proved the role of RIPK2 in regulating NF«B in vitro by measuring NF«B activity in
HCT 116 upon MDP stimulation and we found that RIPK2 inhibitors down-regulated NF«xB
activity (Figure 23 C-D).

6.3 Conclusion:

The above data support the outcome of inhibiting RIPK2 activity on inflammation. RIPK2
activation is highly regulated in Rassfla” and 11107~ mice upon DSS administration, and upon
using 3-MA inhibitor, we observed a down-regulation of RIPK2 activity in these genotypes. Form
the previous observation RIPK2 Inhibitor-1 was synthesized and administrated in Rassfla” mice.
Upon inhibiting RIPK2 activity, Rassfla’~ mice showed improve survival and recovery from
induced inflammation symptoms caused by uncontrolled activation of the NOD2 signaling

pathway. Further investigation was done on the inflammation come upon using this inhibitor, and
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we observed a reduction in cytokine production. Histopathological scoring was done on colon
sections isolated from mice treated with RIPK2 Inhibitor-1 and the results revealed a reduction in
disease severity. Indicating signs of recovery in these mice after administrating them with the
inhibitor. We further tested the RIPK2 Inhibitor-1 effect on NF«B in vitro. Using NFkB reporter
assay and EMSA the results showed a reduction in NF«B activity when RIPK?2 Inhibitor-1 was
used. Indicating that RIPK2 may be considered another therapeutic target to treat induced
inflammation in IBD patient and it may consider an option to avoid cancer development in IBD

patients later in life.
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Figure 21: RIPK2 activity was highly elevated in Rassfla’ mice treated with DSS and in IBD
patients. (A) Analysis of pY474-RIPK2 expression by IHC was carried out as indicated on colonic
tissue sections on day nine post-DSS treatment of Rassfla”" and Rassfla”" treated with 3MA (right
panel) and expression of pY474 RIPK2 in colonic tissue from day 9 DSS-treated animals as
indicated (fold induction are graphed in the left panel). P value 0.0015 (**) and <0.0001 (***). n=
4-16. (B) Analysis of pY474-RIPK2 expression by IHC was carried out as indicated on colonic
tissue sections on day nine post-DSS treatment of /107~ and 1107 treated with 3MA (right panel)
and expression of pY474 RIPK2 in colon lysates from day 9 DSS-treated animals as indicated

(fold induction are graphed in the left panel). P value <0.0001 (***). n= 12-16.
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Figure 21: RIPK2 activity was highly elevated in IBD patients. (C) Analysis of active RIPK2 in
patient’s tissue was performed via immunohistochemistry analysis using the pY474 RIPK2
antibody. The top panel is 1000 cells scored for the nuclear presence of RIPK2 Y474, and the
bottom panel is a figure of the IHC using pY474 RIPK2 antibody. P value is <0.0001 (***). n =

5-15.
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Figure 22: RIPK?2 inhibitor showed improve survival for Rassf1a”~ mice upon DSS administration.
(A) A Kaplan-Meier curve monitoring % survival following DSS treatment. p value for DSS-
treated /a”~ mice (-/+ RIPK2 inhibitor 1) = P<0.0001 n = 18-28. (B) Disease activity index (DAI)

following DSS treatment. P value <0.0001 (***) and 0.0083 (**), n = 6-13.
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Figure 23: Mice treated with RIPK2 inhibitor showed reduced inflammation. (A) A pathologist

blindly measured inflammation scoring of colon sections. P value <0.0001 (***) and 0.0196 (*),

n=5-13. (B) Blood serum of the treated animals was analyzed for cytokine production using color-

coded polystyrene beads technology. P value for IL-1a are 0.0448 (*) and 0.0244 (*). P value for



IL-6 are P<0.0001 (***) and 0.0019 (**). P value for MCP-1 are 0.0135 and 0.0374 (*). n=3-5.
(C) NF«xB gene reporter assay determination of inhibition of MDP stimulated NF«B activity with
RIPK?2 inhibitors. (Data courtesy of Mohammed Salla). (D) EMSA was carried out using the NFxB
binding site on the IL-8 promoter. HCT116 cells were pre-treated with the indicated RIPK2
inhibitors for two days, followed by stimulation with MDP and nuclear/cytoplasmic extraction.

(Data and figure for panel D provided by Dr. Shairaz Baksh).
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7  Chapter Seven-Discussion and Future Experiments
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7.1  Discussion:

NOD?2 and ATG16L1 are considered among the susceptible genes associated with IBD.
Polymorphisms of NOD2 were detected in CD patients and with childhood onset of the CD. NOD2
is a pathogen recognition receptor that plays a critical role in regulating immune response upon
pathogen invasion by inducing pre-inflammatory cytokine production and bacterial clearance.
ATGI6LI is an important gene in the autophagy signalling pathway and this gene is associated
with NOD2 for bacterial clearance. Polymorphisms of ATG16L1 in IBD patients was detected,
and hematopoietic cells from Azg/67 mice showed induction of inflammatory cytokines, IL-1p
and IL-18 levels "% 797 Indicating that both NOD2 and ATG16L1 are important for regulating
intestinal immune defence and tolerance Y. RASSF1A is a tumor suppressor gene that was found
to be associated with IBD and acts as a trigger for autophagy to suppress genome instability
through MAP1S/C190RF5 interacting protein /%7218, Since RASSF1A and NOD2 genes are
associated with IBD understanding the correlation between these two genes was our hypothesis
and to test our hypothesis we used Rassfla” colitis model. Knockout mice have helped in
understanding the pathophysiological mechanism responsible for IBD initiation and progression,
but unfortunately, IBD etiology remains completely unknown. The Rassfla” mice model is useful
because we have observed extreme sensitivity of these mice to DSS induced inflammation injury,
RASSF1A epigenetically silenced during inflammation induced injury and in IBD patients (Salla
et al., unpublished observations) and evidence that RASSF1A can associate with several elements
linked to NFxB, such as TLRs #” NOD2 and TBK1 (Salla et al., unpublished observations).
Indicating that RASSF1A knockout mice are a useful model for studying the molecular mechanism

of IBD colitis.
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Autophagic regulation was detected in colon lysates from Rassfla” mice upon DSS
administration. Indicating that RASSF1A might have a role in regulating autophagy in these mice
and its absences caused induce autophagy. Our question was does RASSF1A regulate autophagy
through NOD2 and we tested that by using Rassfla”Nod2”-. Rassfla’"Nod2”- mice showed
improve survival and recovery upon DSS administration suggesting that NOD2 is the driver gene
for inflammation in Rassfla”~ mice. We then wanted to test if RASSF1A does regulates NOD2
signalling pathway. In vitro studies showed that RASSF1A can physically associates with NOD2
upon MDP stimulation and such association interfered RIPK2 and ATG16L1 association with
NOD2 leading to NOD2 downregulation. Indicating that the loss RASSF1A resulted in
uncontrolled autophagic response and inflammation via NOD2 and RASSF1A is essential in

controlling NOD?2 induce activation.

We then wanted to improve the survival and reduce the inflammation outcome of Rassfla
~under the caused by DSS. Since autophagy was found to be induced, 3-MA, autophagy inhibitor,
was injected in these mice and the outcome of using 3-MA was improve survival and reduce
inflammation. p62, autophagy biomarker, was tested in the colon lysates of 3-MA treated mice
and we observed accumulation of p62 expression level. These results indicate the importance of
RASSFA in regulating autophagy through NOD2. Another experiment was done to confirm that
NOD?2 is responsible for triggering inflammation in these genotypes. That experiment was
analysing RIPK?2 activation in the colon lysates of 3-MA treated mice. Surprisingly, 3-MA treated
mice showed reduction in RIPK2 activity when compared to Rassfla”~ treated with DSS only.
Since we had promising results with 3-MA in Rassfla™" mice treated with DSS, we decided to test
our hypothesis on an established IBD mouse model like 1/10". Interestingly, using 3-MA in 1110

’ mice treated with DSS revealed a reduction in the damaging effects caused by DSS. Indicating
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that 3-MA may consider a therapeutic choice to threated induce inflammation caused by NOD2

induce activation.

Another inhibitor was tested on RassfIa”~ mice and that was the RIIPK2 Inhibitor-1. RIPK2
is an adopter protein that binds to NOD2 upon MDP sensing to regulate autophagy and
inflammation. Not only RIPK2 activity was downregulated in RassfIa”~ and I/10” mice treated
with 3-MA but also induce RIPK2 activity was observed in biopsy samples from IBD patients
when compared to control. Indicating the importance of targeting RIPK2 activity to downregulate
inflammation in Rassf1a”". Using RIPK2 inhibitor-1, RASSF1A knockout mice showed promising
results by inducing the survival rate and improving recovery. RIPK2 inhibitor-1 proved to inhibit
RIPK?2 induce activation and its signaling pathway. That was proved by monitoring the both
RIPK?2 and NF«B activity, and it was realized that upon using RIPK2 inhibitor-1 both RIPK2 and
NF«B activity was reduced. Indicating that RIPK2 Inhbitior-1 may consider another therapeutic
choice to treat inflammation caused by NOD2 induce activation. From all these data, this thesis
project suggests the importance of RASSF1A in regulating NOD?2 signalling pathway. It also
shows that NOD?2 is a trigger gene for inflammation in colitis model suggesting the role of NOD2
in UC pathogenesis. Finally this thesis proves that either 3-MA or RIPK2 inhibitor-1 could be
novel therapeutic approaches to enhance recovery from inflammation-induced injury and be useful

in treating and saving IBD patients from increased risk of getting cancer later in life.
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7.2  Future Directions:

Based on results from this thesis, future experiments will include: (1) Detailed analysis of
the molecular association of RASSF1A and NOD2. This can be accomplished by exploring the
interaction between different constructs of NOD2 with RASSFI1A by immunoprecipitation (I.P)
experiments, utilizing NOD2 deletions within the N terminal CARD domain, C-terminal leucine-
rich repeat and nucleotide binding domain will also be used /7. Understanding RASSF1A/NOD?2
association may allow locking NOD2 in an inactive conformation and inhibit downstream
activation of autophagy and/or NF-kB activation by using a small molecule design of peptide
sequences to match the interacting surface of RASSF1A/NOD?2. (2) Investigating the association
of RASSF1A with NOD1 upon DAP stimulation. Overexpressing RASSF1A in HCT116 cells and
immunoprecipitation against NOD1 upon DAP. NODI1 and NOD2 are members of the NLRs,
different peptidoglycans activate them but what they both activate RIPK2. Depending on which
domain is important for RASSF1A association with NOD2, RASSF1A might also associate with
NODI regulating inflammation and autophagy caused by NOD?2. (3) Another future experiment
is to investigate autophagy regulation in 3-MA, and RIPK2-Inhibitor treated mice. Two possible
biomarkers can be used to monitor autophagy regulation which is LC3 and Beclin 1. ATGI12,
ATGS and ATG16L1 complex promotes LC3 lipidation and assists in the insertion of the LC3-II,
the modified form of LC3-1, to the phagophore. Monitoring LC3 modification from LC3-I to LC3-
II can be tested in the colon lysates of these treated mice by immunoblotting. The second biomarker
for autophagy regulation is beclin-1. Beclinl (BECN1) induces autophagy through forming class
IIT PI3K complex (PIK3C3). PIK3C3 interacts with autophagy related 14 (ATG14) which is
important for recruitment of ATG16L1 complex and LC3/ATGS, to the autophagosome /%,

Beclin-1 (BECNI) is an essential protein in the autophagy signaling pathway. Autophagy is
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induced by the release of BECN1 from B-cell lymphoma 2 (BCL2) by pro-apoptotic BH3 proteins
through phosphorylation of BECN1 by death-associated protein kinase 1 (DAPK1) at Thr119 2%,
Immunohistochemistry using phospho-Thr119 in BECN1 (EMD millipore, cat# ABC118) can be
done on colon of treated mice to analyze beclin regulation. The aim of these two experiments to
study autophagy regulation in 3-MA and RIPK2 Inhibitor-1 treated mice since we showed
regulation of p62 expression level in these mice. (5) Another future experiment to study autophagy
regulation in vitro in the presences of RASSF1A. Explore the role of RASSFIA in regulating
Beclin-1 complex upon nutrient deprivation. HCT116 overexpressed with RASSF1A-HA will be
immunoprecipitated with total BCL-2 (Santa Cruz, cat# sc-509) and blotted against phospho-
Thr119 in BECN1 (EMD millipore, cat# ABC118). This experiment aims to confirm the role of
RASSFIA in regulating autophagy in the presences of NOD2.

Information obtained from these future experiments will firmly ascertain the importance
of RASSF1A in regulating autophagy through NOD2. Furthermore, information obtained from my
thesis will assist in understanding the importance of RASSF1A in modulating inflammatory

signaling and its role a negative regulator of NFkB.
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